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FOREWORD

A symposium on fluid amplificaticn was held at the Diamond
Ordnance Fuze Laboratories, Washington, D. C. on 2, 3, and 4
Octoler 1962. The Proceedings of that symposium are issued in two
volumes. Volume I includes ail unclassified presentations. Volume
II includes all ciassified presentations, which were given during the
last half day of the symposium,

In additior to providing the first formal opportunity fox the ex-
change of information regardiay fluid amplification, an explicit ob-
jective of the symposium was to bring together the various persons
interested in this new and yct unorganized field. The names and ad-
dresses of those who attended, except for personnel of the Diamond
Ordnance Fuze Laboratories, are included in Volume I, ‘or ref-
erence and to encourage further exchanges of information,

No record was made of the welcoming addresses delivered by
Lt, Coi. R. W, McEvoy, Commanding Officer, and B. M. Horton,
Technical Director, Diamond Ordnance Fuze Laboratories, and
their remarks are consequently not inclv .2.d. Their great interest
in the field are perhaps sufficiently weli ° »wn tc make this omis-
sion excusalle,

No attempt was made to edit the papers as presented at the
Diamond Ordnance Fuze Laboratories; they were m~rely assembled
and printed in the sarae order in which they were ;| sented at the
symposium.
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WELCOMING ADDRESS

(o3

Y

Brig Gen John G. Zierdt
Deputy Chief, R&D Directorate
U. S. Amy Materiel Command

On behalf of the Army Materiel Command, I an glad to have this t
opportunity to welcome you to this first syuposium on Fluid -

Amplificetion. I am nleased to be present at this oascsembly which o
represents government agencies and private concerns from <oast to n
coast.

The concept of fluid amplification, that is, the control of high out
energy fluld streams by low energy flows, with no moving mechanical g

parts, was cvolved by Mxr. Horton less than four years ago. This go.
concept contitituted a major technical breakthrough in the sense that he

it repreccnted 2 concidcroble cldvance in the state-ul-the-art. This ne-
advancc has removed many of the limitations on conventional military one
and commercial pneumatic systems and has enabled an extremely rapid ran

extension of their capabilities. The use of low ernargy flow to direct Il
and control high erergy streams permits the design of pure pneumatic Rre
components, element., and systems, carnnkle of amplification, feedback, tic
memory, logic functions, enalogue computastion, and digital computation. tal

This, in turn, makes it possible to use prnewmatic ccoatrol systems, 2.
amplifiers, and computers where they could not be used befcre. Jef

The work done here in your host agency, the Diamond Ordnance Fuze 1 C
Laboratories, has already shown the great potential of this technology :hl
to the development of weapon cystums and miiitary hardware. The 1
scientific staff at D.O.F.L. and we at A.M.C., who have cognizunce and co
command supervision of their work, are aware of the tremendous advantagescn
afforded by the simplicity, ruggedness, inherent high reliability, and :1i
virtual immunity to environment, evenr nuclear blast and the attendant th
high radiation levels, that are charactexistics of the devices employingev
this new operating principle. These are essential requirements for e
ailitery hardware.

When Mr. Horton and his assoclates first proved the feasibility g T
of this new type control system, we recognized that his invention could in
open the way to rapid technological advances in civilian applicaticus a
ne well as in strictly military items. The decision was muce at that m
tine tc release the information to American industry immediately, ed:
believiig that tols would lead to far faster development and greeter al



benefits to the couuntry as a whole, both from the military and civilian
standpoints, than could be achieved by cloakirg this major breakthrough
in military security. The diversity of representation here today bears
out the wisdom of that decision.,

You people have proven that you are quick tu recognize and take
advantage of the potential of this technigue in your own specific
fields. The response of industriel and scientific liaders to the
challienge of new ideas and coacepts is of great importesnce to those of
us who are responsivle fcr maintaining the competitive position of our
naticr. in coping with those forces that are a continuing threat to
our existence. The respouse tc this challenge is indicated by the
magnitude and scope of your effort in this new field and i8 evidenced
by your presence here today. Thls acceptauce of the challenge iz
indicative of the forwvard thinking attitude that is u wmurk of strength
in American enterprise. We are heevtened and our faith in the ability
of ocur industrial leaders to take full advantage of the very latest
technolegical edvancss to promcte owr ecouomy is reaffirmed by the
wide-scale recognition of the significance of fluid emplification
techniques.

The Army Materliel Command has the responsibility for the
scientitic rasearch and development work ttat is the basis for the
design, production, and nrocuremen. of Army weapons and military
meteriel, We, therefore, fully appreciate the nccessity for sound
sclentific investigation and fcr good comzunication between scientists.
Such investigation and communication is particularly important in the
prosecution of fundamental vesearch ir o stimuwleting uew £icld such as
that of proceseing control signals in fluld systems having no moving
parts,

Thet is, of course, the cbject of this symposium. We encourage
you to question, to chailenge, to contribute. In this field which
has, thus tar, limited literature and limitel exploitaticn there are
few experts. We all have unsolved techniceal problems and ucexplained
experimental phenomena. Only by active participation can you exchange
ideezs and learn what others have done. The enthusiastic response ot
goverrmert agencies, universities, and private industries to the
request for papers for this syaposium, coupled with your individual
perticipation as workers in this tremendsusly interesting and exciting
field, should guarantee a profitable and stimulaing mceting for all
of us.
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WALL EFFECT AND BINARY DEVICES

by

R, W. WARREN
of

Diamond Ordnance Fuze Labcratories

In general, there are two approaches to fluld amplification., In
the first approach the large power jet is defiected by a small control
stream, the amount of the deflection eing proportional to the momentum
of the streams. The second method 1c to use the entrainment character-
ictics of the stream and hounding wrlls to effect the deflection,

This is a short introduction 1o the way the flows and walls are used
to obtein a bistable amplifier,

In Flgure 1, a submerged stream is seen issuing from a nozzle
between bounding walls, The stream entrains fluid {rom the interaction
region, lowering the pressure, The entrained fluild is replaced by a
counterflow of fluid from the ambient pressure, This is an unstable
situation. Any small perturbation, turbulence or mechanical misalign-
merit, will incline the stream closer to one wall than the other.

The stream entraius essentially an equal amount cf fluid on each
cide. However, as the arca avallable for counterflow ig less on cne side
than the other, the pressure is reduced on that side creating a pressure
difference across the stream. The pressure difference inclines the
stream toward the low pressure region still further restricting the area
available for counterflow., Thus a regenerative action is instituted whicn
rapidly forcez the stream to the wall, as shown in Figure 2, There is
umbient pressure on one side of the stream and a low prescure separation
bubble on the oppusite side of the stream which is denied fluid to
replace the entrainment, The differential pressure across the stream
curves the siream to the wall, Where the stream contacts the wall the
major'ty of the flow is diverted toward the outlet wit!. a resulting high
pressure on the wall, A small amount cf the flow 1s curved back ioward
the nnzzlc vhere it eirculales 8s A vortex to be reentrained by the
streax,

The bistable amplifier is shown in Figure 3, If flow is introduced
into the separation bubble through th: right control, the point of
attachment will move downstream tut i+ main attached to the wall until
the entrainment characteristice of the stream are cetisfiad UWhon iheore
is suftficient control flow to satis{y the entraimment, the stream will

11



move to the center of the interaciion reogion. bntrzinment will lower
the pressurce on the left side of the stream and the streem will attach
to the left wall.

An alternative method of switching the ctream 1s to remove fiuid
from the left control. This, In combination with the entrainment,
lowers the pressure on the left and the stream attaches to the left
wall, If the control openings are large enough to admit sufficient flow
trcm the atmosphere, the unit can be shifted by closing one control and
opening the other, The stream moves to the side of the cliosed conirel,
as the closed control limits the entrainment on that side. If the
outputs of the unit are lcaded, the pressure in the interaction region
increases and there is an outflow from both controls. In this instance,
if one of the controls 1s closed the stream attaches to the opposite
wall, In other words, the conirols have reversed, Actually the operation
of the unit is the same, as the flow out of the open control limits the
cntrainment on that side and the stream attaches Lo the wall on the slde
where the ertrainment is limited,

There is always a question as to the range of Reynolds numbers
over which a unit can be operated, It was {cund that a stream of
eir wculd attach to the wall at a power precsure of .2" ol water
ebove atmosphere. This is approxiuately .007 PSIG, A Reynolds number
was calculated for this pressure usiig the wetted perimeter of the nozzle,
for L in the formu.. for the Reynclds number R = gVL,, A Reynolds number
of 200 was obtaincd by this method. The units 4 have also been operated
with a Reynolds number of cver one million. The highk level of operation
occurs when the stream expands outside the nozzle sufficiently to
attach to both boundary walls, as shown in Figure 4., The streem can still
be controlled by admitting a control flow but the unit is no longer
bistable.

A flow model of the stream is shown in the upper view of Figure 5,
The power stream is issuing from a rozzle into the interaction region.
There is a central core where the pressure 15 eszentially unchanged from
the source, This region has not felt the effects of the entrainment and
the lower pressure in the intersztion region., There 1s an outer mixing
zone where the stream is entrainir~ fluid, and an inner mixing zone which
contains fluid entrained from the separation bubbtle or fram the control,
ihe middle view shows the velocity profiles of the stream across the core
refion at a point on the wall just downstream of the attachmenti point,
T ..J4er view ghows the stellc pressures along the wall to which the
stream is attached. Tt can be seer that there is a low presswre in the
separatlior. bubble which rises to the higher pressufe at ihe stream
reattachment point, The pressure goes still higher as the stream is
d’erted to flow along the wall and then the pressure decreases in the
boundary layer to essentially the exhaust pressure.

When a unit is being loaded, the pressure in the boundary leyer must
rise above the pressure which exicts just beyond the re:ttachment point

12



before it can affect iLhe sepsration lubhble and separate the stream f{rom
the wall, A picltorial view of a loaded unit i shown in Figure 6, The
stream wos originally going out the right outlet. When this outlet was
tlocked the prescure rose in the oullet and an increase in pressure
proceeded down th~ boundary layer, The stream flowed around the splitter
and out. the left cutlet, The splitier 1s far cnough downstream so there
is no turbulence at the reattechment point and the pressure in the right
outlet does not exceed the pressure at the reattachment point so that
the stream remaine locked to the -~ight wall while exhauctirg out the
left ou.let, As can be seen from Figure 6, a vortex is formed on the
left side of the stream in the interaction region, which aids materially
in stabilizing the flow, This feature of the unii is called memciy,

and is a functlon oi the splitter position,

It is well known that a stream can become over-expanded and ccparate
from the wall of a diffuser. This characteristic gives another mcde of
operation rov a supersonic bistable element. In Figure 7, an over-
expanded stream is geern which is separated from the left boundary wall
by an chlique shock-wave, The oblique shock-wave adjusts the flow between
the over-expanded region ir the stream which is between 2 and 5 psia
( pounds per cquare inch absclute) and atmospheric pressure on the other
clde of the chack-wave, Onening the richt eontrel 4o cimecthere or
otherwise introducing flow into the right control will fiip the power
stream to the left wall,

There are many parameters which can be varied in a bistable fluid
element., Tn addition tc the pressure and flow, physical par:gmeters can
be varies also, The effect of varying some of the physical parameters
is shiown oun Figure 8, On the right is chown the effect of moving the
splitter downst:eam, increasing the receiver aperture, increasing the
wall angle, and increasing the nozzle area. On the lef! 1s shoun the
effect " increasing the interaction reglon width and increusing the
depth ci aspect ratio, The effects of Increaszing the loading and the
power Jjet pressure are also shown on this figure, Additional work needs
to be done in evaluating the relationship of these variablec,

13
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Figure 2. Final fluid flow between parallel walls,
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“igure 3. Fluid bistable element.

Figure 4. Control of completely filled bistable elements.
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SYNAMIC PRESSURE MAINTAINED
W RISNT PASSAGE

Figure o. Memory characteristics of fluid bistable elements.



Figure 7, Schlieren photograph of bistable reaction jet.

19




s

IToNY

awara a1qeIsiq pmyy jo

NYIWLSNMOD

awrp 3u 1 30 10933y °g 2andig

SIAOM LNICa LNINHIVLLY AVIELS €
MOd L30

HIMOd 20 LNZTH3d ¥ SY S3EVIEIA0
HILIMS QL AHVWSSIZIN MO T0WLNOD 2

FLVTTIS0 0L ASNIONIL SITYIHONI €
mJ_nE NOD N340 S0 103443 S3ISVIHIN 2

WIHOLIMS H04 MOT4 3HL NIVLEO OL
%5!5%

Vawv 312 E:Eu!%ﬂﬁ.ut

MY IHLSNMOO SIA0N E ANIWHDTL L

TISVIWIIO AMIADIIN FWNSSIdd
SISYIHONI MO E3ILNNOD

INiN3dY Y3AIFOGH SNISYININI ——
ALYTNUISO QL ATNID
S3ISVIHIA0 AHIADDIH IHNSSIHd

TITHS HT4 TS ONIHZ, _-_w.E__E t....,u._u! .
Mﬂlﬁ%ﬂuﬁ

\
&
...\
P %
\\w\
N : \
157 "/
& ! *
NIL S3ISV3IEDI0 G .
F
3 L P Vi \\.
ASMINI LNdin0 §
NNOD 2 il
| ALCHIN
#

SISVINOIQ IWNSSIkd TOMLNOD I
FENS538d 137 Ham0d DNISYIHONI

\\ Q310344YNN SHLSIHILIVYVHO ¥3HIO €

S3SVIMONI STTVM ANWONNOS 3HL 40
Eu!..._._._ 2) OlLVH L0345V TIVNS H¥O0d4 2

Ma1d SISVIYONL I
\\|| (OlLvd LI345V) HLJ30 DNISYIHINI

STV AHVONNCE HL08

OL S3HIVLLY L3N IHL HOIHM LY
JHNSSIHd L3 HIMOd IHL SISWIHINI 2

MONd 0 LNOD SISVIHNIIO NIHL

MZ 30 ¥OvE L3S ¥V OL 4N INIHILINS BOd
1

20



AN INTRODUCTION TO PRCPORTICHAL FLUID CORNTROL

by
Silas Katz

L
%

Piamond Ordnance Fuze Laboratories

One of the objsctiv.:s, here at DOFL, 1s to develop a proportional
fluid control system wit.iwout mechanlcal moving parts. To accomplish
this requires both active and passive components without mechanicel
moving parts,

The active component, which 1s the besic huilding block of the
control system, is the proporiional tiuid amplifier. This device
provides & lavgs Tiuld ouip'w "igne) that Is properticnel TS e smeller
fluid input signal. A besic .gle stage proportional amplifier is
shown in Figure 1., High energy fluia from the power jet is directed
into the interactica region. Contrsol or iow enmvgy fluid is also
directed into this region from Jets on eaci side of the power Jet.
The direction that the power Jet assures after interacticu with the

mtrol Jets depends on the momentum flux of the power Jjet and the
{orces exerted by the control jets. At some distance downstream the
Jjet 1s collectel by twn output apertures. There 1s an optimum
position for these outputs. They must be far enough downstream to
take advantage of the streamn deflection and close enough to recover
a1 reasonable amownt of stream pressure. When the control pressures
are equel, the power stream is not detlected. Thren each output
aperture collects the same quantity of fluld, £ small chenge in one
of the contrul pressures deflects the power strear and causes ovae
cutput to collect more fluld than the other. Since the output
difference is greater then the countrol dlfference which caused it,
this is & stage of amplification.

The unusual shape of the interaction chamber shown in Figure 1
was lcl'berately chosen to prevent the poiwer stream from locking..on
to the yolle und making the amplifier bisteble., The shape and
dimensions of the cutcut areus haie a considerable influence on the
perfuraance of the ampiifier. Any fluid that is not cicked up by
the output collectors must be removed as 2fficiently and with as
little disturhence as possibla, When disturbences are present they
may be reflected from tle walls of the cutout back toward the power
stream to produce a feedbuck effect. This could result in unstable
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operation, oscilliation, or reduced gain. In practice the two cutout
gide chambers are counnected togelher to equelize the pressure ascrnss
the power stream.

Figure 2 shows a Schlieren photogruph of u power stream being
deflected by a control stream., The deflecting force of the control
atreams may be ygeunerated in two ways. The force may be efther a
pressure force or a mcmentum rlux force. Both force types are present
in any proportional amplifier. 1In general, the low frequency input
impedance of an amplifier with predominantly pressure type force is
high. When the forces are predominantly momentum fiux type the low
frequency input impecdance is low. 1In the particular geometry shown
in Flgure 2, momentum flux forces predominate. However, bty bringing
the controls in closer to the edges of the power Jet, the pressure
torece is lIncreased and the momentum flux force 1s decreased.

A more complex type of fluid amplifier is shown in Figure 3.
Two stages of amplification are cascad=d with one power supply. Power
1s supplied to the first stage only. The second stage cbtains its
power by picking off part of the first stage flow at the collectcr
station., The outputs of the first =~ ‘e become the inputs to the
aecond stege, In operaticn o inpu. cignal at the control Lo the Licsl
stage 15 received ampiified ut. the output of the second stage. The
advautage of this configuration is incrcased arplification without an
additional expenditure of supply fluid,

Passive components do not require a separate power supply. They
produce their effects solely because of the fluid properties and a
particular geometry. Some passive components are sh:own in Figure L,
In dealing with passive components it is convenient to use the
electrical analogy. Thus, pressure s analogous to voltage and flov
i1s analogous to current. Resistance is represented by an orifice or
porous plug. The magnitude of the resistance depends on the viscosity
of the fluld and the diameter of the orifice. Inertance is obteined
with a length of tubing. Its magnitude depends on the density of the
fluid, the length of the tubing and the cross sectional area of the
tubing. Capacitance is obtained with a tank and depends on the volume
of the tank., The function of these passive components ic to operate
on the signa) waveform and produce some desired effect. For example,
a combination of resistance and capzcitance gives an output pressure
which is approximately the integral of the input pressure.

At present the technigues described albove are being used to build
a high gain operational amplifier. In order to accoriplish this several
stages of amplification must be cascadcd. The steges are directly
coupled, That ig, the outputs of a stage are fed directly into the
inputs of the succeeding stage. Using this procedure amplifiers have
been built with measured pressure gaine in the neighborhood of 500.
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Figure 1. Proportionai amplifier.
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Figure 2. Deflected vower stream,

24



I8t STAGE
LEFT
l- CONTROL

\ / -
mpun-._.\—\‘\ —-""—"/:/;T;T : \/Pi%
NS
[ i

2nd STAGE

RIGHT
CONTROL

Figure 3. Two-stage open proportional amplifier with cas-

caded power inputs,

25



Ficure 4.

Analogies,

HOW OBTAINED

LOW 1 OW RATES Teelid A
FOROUS FLUC OF $8Au
CHIFICES WHTH B LAY T
WISCOUS FEFICTY

COL MM OF FLLAD Wils WWALL
VROOUS WMCTS Mios il




FLUID AMPLIFIER DEMONSTRATION VEHICLE
by
R. Richard Palmilsano
ot

Diamond Ordnance Fuze Laboratories

Abstract

A Jet-propelled vehicle has been built which demcrstrates the
practicality of fluid-amplification for thrust vectoring. An account
is aiso given of a f.ctoge proportional fiuid amplifier which is
capable of amplifying control signels over 100,000 times. The
amplifier output 1s used to steer tne vehicle by deflecting the
rropelling jet stream. Both propulsicr and eteering of the vehicle
are achievec without the use of mechanical linkasge,

Requd rement«

In order to demonstrate the practicality of fluid amplification
in guidanes syctcms a sultsble test vehicle was soughii. Although the
initial demonstration was intended to show the feasibility of fluid
amplification as a means of thrust vectoring, a versatile conveyance
was neede? wnich could be readily modified to test and demonstrate a
variety of tluild smplification devices under development. Since the
available types of rockets and surface water craft were considered
unsuitable, 1t was decided that an atiempt should Le made to build a
demonstration vehicle having the follewing charecteristics:

(1) 1initially, it shoula be a diractionally unstable vehicle
which could be stabilized by a driver whco operates the control system.

(2) 1I» should be an eir pcwered vehicle mot requiring rccket
fuel.

(3} The vehicle should be capuble of giving a 2-dimensional
demonstration on land.

(4) The demonstration should run for a relatively long period

of time and be repeatable.

(5) The vehicle and control system should allow for future
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changes and modifications to permit testing and demonstrating other
fluid amplitiication devices and systems under developzent.

Demonstration Vehicle

The vehicle built to meet these requirements is shown in Figures 1
and 2. "this B50-pcund vehicle carries a turbo-compressor povwered by a
gas turbine engine wnicn has a governed speed of 42,200 RPM. The
compressor supplies alr at a constant pressure of about 40 psig and at
4 steady rate ot aboul 122 pounds per mimite.

A 28-volt starting battery is mounted near the front of ean aluminum
A-frare chassis. The engine fuel is JP4 and is carried in a 12-gallon
tank which is mounted centrally on tne chassis, next to the ballery.
1his fuel capacity is sufficlent for 12 minutes of operation. A driver's
seat was improvised on the fuel tank. The turbo-compressor is mounted
next to the fuel tank toward the rear of the vehicle.

The front wheel of the vehicle rctates about a fixed axis and is
theretore nonsteerable. Since the vehicle is propelled by a constant
thrust, tne front wheel is equipped wilh a shoe-lyp~ Lrake which provides
the cnly means for the driver to keep the forward speed of the vehicle
within safe limits. This brnke can be upplied by the driver either
through ¢n air cylinder operated by a velve on the de<l. panel or by a
foot-operated mechanical linkage which overrides the air cylinder. The
two rear wheels are oversized castors, free to swivel in any direction.
To further increase the instability of the vehicle, these rear wheels
were equipped with narrow stecl bands. Very sight imperfections on the
surface of thec runway would therefore tend to throw the vehicle otf its
course and require a corrective signel from *he driver. Since the CG of
the -ehicle was tar to the rear, its intentioial, inherent instaktility
was further increased.

Propulsion and steering are achieved without the use of mechaaical
linkage.

Figure 2 shows the 01l tank in the foreground, compressed-air intake
screen to the lefi, and the large exhaust duct for engine exhaust gases
to the right. is exhaust contributes very liittle tuward propelling the
vehicle, On the far left, mounted on the dash panel are two preseure
regulators with corresponding pressure gauges. It 1s by means of these
regulators that the driver sends directicnul control signals to the
5-stage amplifier.

The output of the compressor, i.e., tlie compressed air for propelling
the vehicle, passes through the 3-inch diameter stainless steel flexible
tube. The mejor portion of this flow of alr passes through a converging
nozzle whici: hus a throat opening 1/2 inch wide by 2 inches high. The
flow of air iscsuing from this nozzle provides the thrust required to
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provel the veh
foregroind suppl
the thrust nczzle. A close-up
seen in Figure 3

le. A-1-1/4 inch dianetcer copper line shown in the
les uir to the L-stage smpnlifier which {5 mounted below
' the thrust nozzle assembly may be

The thrust-vectcring system including the relstive tiow ratec is
hown in Figure 4. The tiow through the thrust nozzle is estimated at
abouti- 75 pouvsy per rinute, producing « susiained thrust of about
44 pounds. As previcusliy indicated, air is supplied to the S-stage
proportional wurplifier through a 1-1/4 inch dlameter copper line. The
amplifier output is directed to either side of the thrust nozzle output
by two curved paccages whose *ross section is 5/16 inch x 1-1/2 inches.
Optimun position of the reaction v.ancc was determined experimentally in
field tests.

It should be noted that the maximum input signal to the 5-stage
amplifier iz only .004E pounds wir per minute. These minute {input
signals arc capable of contrslling tle much larger flows issuing frum
the two ampliflier outputs. Th:zie amplifier outputs are in tuvrn used to
deflect (vector) the main jet issuing from the thrust nozzle vhich propels
the vehicle.

Proportional Ampliifier

A iline drawing of & 2-stage proportional wmplifier (Fiwure &) shows
how the cutputs of the first stage serve ss contrvols f~r =hifting the
input of the seccnd stage. The area of each succeeding nozzle or
passaze is four times the ares 2f ihe vreceding nczzle. (This also
applies to the output nczzle.) The conzave rumps help overcome
instability by providing proper chamber feedback.

The S-ctzpe proportional amplifier designed by B. M. Horton and
S. J. Peperone and used in steering the vehicle is shown in Figures 6
end 7. The acsembled unit 15 aprroximately 3 inches wide x 2-1/2 inches
high x 18 inches long and when built of aluminum weighs ebout 9-1/h
pounds. A redesign of this unit indicates that an equivalent emplifier
may be bullt weighing only 3-1/L pounds should the need arise.

The exploded view of the cmplifier (Figurs 7) shows how air is
supplied to sll the power jet nozzles from »one line, & l-l/h inch
dimneter copper tubs chown at the upper left harnd corner. The nanifold
plate sHupplying elr to the first three stages also contains the control
signal inputs to the firest stege. The outpiuts of the first stage serve
as control inputs for the second stuge. The outputs of the gecond stage
serve as control inputs tor the third stage, and so on to the final stage,
i.¢., the outputs of one stage are used to deflect the input of the
succeeding stage. The gaskeis separate the flow in one stage from the
sther. The throats of the first control nozzles are .004 inch wide x
.090 inch high. As previcusly noted, the final output passages are
5/16 inch wide x 1-1/2 inches higr.
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Lemonstration

The wogk or: this first phase of the project culminated in a
dewonstiation given at Andrews Air Force Base for nersounnel of 0CO. A
short 16mm film strip of this demcastration is available. The first
nart of the film shows & restrajned-type test in which the rear wheels
were equipped with stops to limit their swivel movement and the front
wheel was locked. This demonstration showed that a maximum control
signal of less than 1/2 ps‘ transmitted through the pressure regulators
Lo the S-stare amplifier was all that was required for a complete
reversal cf the vehicle's turning direction.

The second part of the demconstration film shows the vehicle in
motion. With the rear wheel restrainers removed and with control
signals ctransmitted to the S-stage amplifier through the two pressure
regulators, thc cart is seen advancing in a straight line with the
operator controlling the vehicle. This action demonstrates the
feasibility of employing fluld amplification as a means of stabilizing
a directicnally unstable vehicle while in motilon. As the vehicle
advanced in a struight line, the froant wheel breke was locked and the
vehicle was put through a nuwber of turuing manoeuvres.

The third part of the demonstration shows manipulation of the
vehicle when the contreol pressure regulutors were by-passed by means
of flexible plastic tubes. This enall«Z one to transmit the signal
to the umplifier by piacing his thumbs ut the open ends of the two
plastic tubes zcnd varying the pressure ia the line by controlling the
amount of air allowed to bleed off. This action gave one the opportunity
to actually feel the small magnitude of the control siguais transmitted
to the amplifier. Using this "thumbs" technique, the vehicle was steered
in a straight line and then put through a series of turning msnoeuvres
as in Part Two of the demonstraticn.

Since the vehicle was propelled by & constant thruct (cf about
LY pounds) frcm the rozzle, a safe forward speed of about 15 mph was
maintained by applying the front vheel brake. The breking action on
the single fixed axle front wheel located on the centerline of the
vehicle had no effect on the steering.

Cenelusions

The inportont feature {n demonstrating this vehicle was not to show
that thrust vectoring is possibla; this has already been achieved in
missile flight through the use of auwxililary fluid sources and complex
electro-mechanical systems. The significant achievement, it is felt,
lies in the fact that an extremcly low-level signal has been amplified
rver 100,000 times in a S-stage fluld amplifier without the use of e
single moving part an® without the ugse of an auxiliary power source.
This clearly iundicates the direct usefulness of these techniques to
other hot-gas propulsion and control systems.
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AR SUPPLY INPUT CONTROL

TO 5-STAGE AMPLIFIER SIGNAL (FLOW &,0045
\ LB/MIN. MAX.) TO

5-STAGE AMPLIFIER

{

AIR SUPPLY FROM

5-STAGE AMPLIFIER TURBINE COMPRESSOR
Ll

OUTPUT AVAILABLE FOR
ot-:n.scrch; Lrgas%%)

W % .
(FLOW~33 5-STAGE AMPLIFIER

THRUST NOZZLE
(FLOW =~ 757 LBS/MIN.)

THRUST ~ 4.3 LBS
REACTION VANES

Figure 4. Thrust-vectoring system of jet demonstratica vehicle
using a 5-stage proportional fluid amplifier,
I8t STAGE 2nd STAGE

LEFT
CONTROL

34 Figure 5. Two-stage closed proportional power ariplificr,
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Figure 7. Five stage amplifier (exploded view).
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THE HYDRAULIC ANALOGY
by
Ralph G. Barclay
of

Diamond Ordnance Fuze Laboratories

Introduction

The hydraulic analogy is the analcgy tuat exists between two-
d_uensional compressible-gas flow and open-channel liquid [low. Open-
channel liquid flow is flow of a liquid with no confining plune above
the liquid. That is to say the surface of the liquid is open to the
atmosphere and to all practical intents 1s a free surface,

DOFl, Frogram in Hyarsulic Auelogy

DOFL has an internal effortv snd supports un external effort at
The University of Maryland. In both cases the emphasis 1= on using
the hydraulic analogy to investigate various fluid-amplifier designs.

References

The feature article in the June 1962 isane of Applied Mecharics
Reviews 1s, "The Hydraulic Analogy for Compressible Gas Flow" by
J. W. Hoyt., It lists 126 references. The article gives the early
history, tellc cf the general surveys and studies and mentions
current applications of the analogy.

Use of Analogy in Study of Fluid Amplification

The main contribution of the hydraulic znalogy to the study of
fluid amplification is in providing a means of flow visualization.
Corplex flows can be observed with the hydraulic analogy using models
vhich are very easily made and very easily changed. In this way the
effect of various shapes can be quickly ascertained in a gquolitative
naniner. Visualizetion is aided by the fact that the speed of flow in
iiguid is approximately a thousand times slower than the corresponding
flow in the compressible gas. Transient flow conditious can thus be
observed by the naked eye.
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Photog raphy

At the sympcsium a color movie was ehown cf various flow situations,
Sti]1 pictures in black and while are inadequate representations of the
phenomena shown, With this in mind we reproduce here only one of the
scenes from the color wmovie.

Discussion of Accompanying Photograph

The plcture which accompanies this write-up shows a hydraulic model
representating ihe injJection of a secondary flow into a primary
propulsion nozzle for the purpose of changing the direction of the
thrust from the primery nozzle. The liquid in use here is water which
is dyed heavily cnd iuminated from below with diffuse light. The
degree of shading ot a particular point in the flow indicates the
relative depth of the water. The depth of the water is analogous to
the density of th2 ges in the corresponding compressible gas flow,

The light area which 1s roughly diamond-shaped to the right of
the piecture is the primary nozzie with the fluid flow directed upward
on the page. The light tone in2izales that the water in the nozzle

Sl

and downstream of the nozzle is relullvely shallow.

In the left lower part of the picture there is & bistable fluid
amplifier. The power jJet for this emplifier is directed at an angle nf
45° with the binding-edge of the page against a splitter which has a
rounded point. One output channel of the fluid amplifier is directed
stralght aft or upward on the page so when fluid ls directed thru this
output channe] there iz uo appreciable sice thrust. The other output
channel of the fluid amplifier is directed intc the main nozzle and 1is
shown carryling the flow. A huild-up oS water-depth in the output ir
shown by the progressively darker tone of the flow in the output
channel as it approaches the primary nozzle, and after it has entered
the primsary flow.

In the region of the power Jet (lower left) there are two areas
of approximately crescent shape. These are the control-flow reservoirs.
There are channels (not visible in the picture) connecting these
reservoirs to the interaction chamber of the fluid amplifier. The
upper control reservoir hes a darker tone wiilch shows the presence of
deeper water, This indicates that the control signsl ies being arplied
to this reservoir. The lower corntrol reservoir shows the lighte:r tone
whicn is the result of fluld being entrained away by the power jet.

Appraisal ol the Analogy
The analogy is based on inviscid flow for both gas and liquid with

cnly negligible vertical accelerations aliowed in the liquid. The ratio
c? the specific heats for the "analog gas", as it is called, is 2.
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Naturally these limltatlous aflect the quantitative results that can be
obtained. However, since the analog ragizes arc so similar (flow of a
fluid in each case) it seems possible to violute the strict requirements
of the aneices and still produce ccceptable correspondence. We are able
to produce th: baslc phenomena of fluld amplification in open-channel
liquid flow. This ylelds a valusble preliminary evaluation tool for
georetric investigations and idea generation.
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PUISE CURATION MODULATION
by
R, W, WARREN
of

Diamond Ordnance Fuze Laboratories

Conventional digital control systems apply the full correction
whenever the error signal is above a minimum threshold, If such a
system were used with resction jets to contrcl a missile, there would
be considerable covershoot, which would result in the application of the
control signal in the opposite direction, Thus the missile would
oscidlate about the desired line of travel, To overcome this, an
electronic system is in use wherein an oseillator ecanesen the reantion
Jets to alternately emit from either side of the wmissile at coustant
frequency., When an error signal is introduced, the oscillating jet
pauscs for a longer or shorter tine on either side to produce a
reaction which ie propcrilcial to the desired correction., Thus, if the
missile were to devlate to the right, the error would cause the reaction
Jet to remain for 2 longer time on the right and a shorter time on the
ieft to produce the desired correctior, When the error signal is smill,
the difference in time is small and when the error signai ic large,
the full correction is applied. If the frequency of oscillation is
greater than iwice the natural frequency of the missile, the oscillations
are smoothed by the response characteristics of the missile,

An all-fluid pulse-duraticn modulation system has been developed
which accepts fluld signals proporiional tc the error, An outline of the
system is shown in Figure 1, It consists of an oscillator driving a
vuffer amplifier which drives the output bistable amplifier. The
particular oscillator used is of an expliicit feedback type. A czall portion
of the mitrmit 4~ diverted into & capacitor. As the pressure in the
capacitor increases, the flow in the control increases. When the
con.rol flow reachres a sufficient level, the oscillator switches to the
opposite output, A portion of this output is diverted from the opposite
leg into another capacitor and the process repeats. The frequency of
oscillation can be varied by varying the capacitance., Instead ot varying
the volume of the capacitor, a bleed is used to delay thie rise of
pressure in the capacitor, thereby varying ine time constant,

Like electronic oscillators, fluid oscillators normally change
frequency as they are losded, To overcame this, a technique similar to
tha! employed with electronic oscillators is used., The osciilator is
used to drive a buffer amplifier, and the buffer amplifier drives the load.
Thus the oscillator only sees the comparatively constant load of the buffer
amplifier., The outputs of the buffer amplifier are introduced into
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capacitors, The capacitors are connected to the controlis of the bistsble
amplifier, As the output from tle buffer amplifler enters the capacitor
the precsure risees and the flcw into the control inereaces until there is
cufficient flow tc satisfy the entralnment characteristics of the bistable
amplifier so that the stream swilches toc the opposite wall,

All of the output of the bistable amplifier issues out of one
output, either the ieft or the right, and can be used as a reacticn jet
for purposes of control. If the error of the missile is sensed with a
gyro, an air jet from the gyro can be divided between two adjacent crifices
when the miscile is on course, and ss it deviates from the true course
the flow will be more to one orifice than into the other, This variation
can be fed Into thae left and right control inputs of the pulse duration
modulation system. As shown in figure I, the control inputs sre connected
to the capacitors on the controls of the bistable amplifier. As the conirol
signal on one side Increases, the conirol signal on the other side will
decrease,

4

For purposes of explanation let us assume that the control signai
i ulie rlght increases ana the signal on the left decreases, The
increased flow into the right capacitor incrcases the control flow into
the right control sooner and decreascc it later as the output of the
oscillating buffer amplifier enters and leaves this capacitor, The
decreased control signal in the left capacitor delays the build-up of
pressure and takes a longer time to provide the control flow to swilch
the rowver stream from the left wall. The net result is, that while the
unit is oscillating betwecn the two outputs at constant frequency, the
cycle is not divided equally but instead the output reaction jet pauses
for a longer time on the left and a shorter time ou the right., This is
shown by the output charts at une output of the unit, Flow increases upward
and time Increases to the right in each case. The level of flow from &
pulse is constant at all times, The frequency is also constent as is shown
by the time dots. When there is equal signai inic thc left and right
capacitors the duration of flow is equal in each of the cutputs. For the
cace cited with a decreasing signal In the left control and an increasing
signal in the right control, Figure 1 shows the full output flow remaining
for a longer time in the left output, and pausing for a shorter time in the
right output.

The experimental setup is shown In Figure 2, with long leads and
comparatively large capacitors, This system was operated at & frequency
of from 30 to 100 cps when it had capacltors at the contrcl inputs cf the
output emplitier, The system gain (that is, the change of output signal
with the change of input signal) varied between 3 and 4. In an operational
syster additional amplifiers could be used at the outpul.

To increase the operating frequency, an experimental setup similar
to Figure 3 was used., In Figure 2, the capacitors and the buffer auplifier

have been deleted from the system, The error signals are fed directly into
the separation bubble of the bistable amplifier, The separation bubble
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serves as the capacitor, As this is a coneiderably smaller capacitor than
was previously used, the operating frequency increased to 250 cps, even
with the lang leads, With flow gages on the outputs es shown in Figure 2
there was a very smooth change of output flow proportional to the error
signals,
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Figure i. Pulse duratian modulation (low-frequency)
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A THREE STAGE DIGITAL AMPLIFIEK
by
Carl J. Campagnuolo
of

Diamond Ordnance Fuze Laboratories

Abstract

This paper i1s concerned with thc fieild of fluid amplification,
the control of fluid strcams by means of other fluld streams of less
energy. This paper desecribes digital pneumatic elements, which are
coseeded oo oo L cbialn a Ligls puwer output wnich can be controlled
by means of a stream containing 10-3 of the output flow--a system
consisting of three vnites iz a cascade 1s discussed.

Introduction

One of the basic elements of tluld amplification is the boundary
leyer digital unit which is characterized by many parameters. It is
the purpose of this paper to discuss some of these parameters in
ccnnection with 2 2igital unit which is part of & three-stage digital
systex having = very high flow gain and a reasonable pressure recovery.

A boundary layer unit works on prirciples some of which have not
yet been completely explained by classical fluid dynamics. The most
importenl ol these ure wail-jet interaction and entralinment cof fluld
perticles from the surroundingsl*. Although a boundary-layer unit can
operate in all three ranges of flow: subsonic, transonic, and supersonic,
in this paper we are mainly concerned with the subsonic rengc of
operatious.

wWher. a jet exhauste from 2 nozzle, turbulence is generated at the
borders of the jet. Due to friction from shearing stresses against the
surrcunding fluil, the jet undergoes lateral diffusion aznd decelzration,
and et +he zome time fluld particles cre entrained by the Jet.¢ The

*Numerical superscripts in the text refer to item numbers in the list
of References which fcllows the text.
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orocess of the mixing of the Jjet with the surrounding fluid causes

the velocity distribution of the Jet to change so that at a distance
of about 6 nozzle widths the velocity profile approaches a Gaussian
distribution. During the diffusion prccass, the kinetlic energy cf the
Jet transtorms into kinetic energy of turbwlence, which in turn is
converted into heat energy. 1 this process the jet 1s decelerated
while the surrounding particles are «ccelerated. This results in a
net increase in the output flow. Even though the velocity of mecst of
the jet decreases with distence from Lhe nozzle, there 1s a zone called
tie core where the maximum velocity is constant.2 This region is very
evident in a bunsen burner where the bluich flame represents the core
reglon of the burning gas. In this region the energy of the Jjet is
the highest since no mixing with the nutside has yet taken place.

The digital character cf the boundary layer unit is brought asbout
by the existence of a wall or fixed boundary. The Jjet emerging from
the power nozzle attaches to one of the walls lowering the pressure
between the boundary of the nozzle and the pouint of attachment at the
wall (Coanda effect). The static pressure distribution of the attached
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inclination of the wall. (See Fig. 1). The pressure varies from below
ambient up to a maximum, and then drops slowly until at a long distance
from the nozzle 1+ approaches ambient. (See Fig. 2). The trajcctory
of the Jet around the low pressure region or bubhle 1s approximately
the arc of a circle. The pressure within the bubtle varies with
distance from the Jet because particles are constantly being taken away
from the muin stream. This bubble plays a very important role in a
boundary layer element. The pressure in the bubble must ve iluncreased
sulficlently by flow frow the control nozzle before the jet will

detach from the wall and move to the opposite channel. This is the
factor responsible for the digital characteristics of these element:..

It is well known from classical aerodynami that the presence of
a wedge In w streeanm will cause the Jet t5 oscillate a5 was lirst
observed by Lord Rayleigh.3 Conscquently the presence of the spiitter
gives rise to resonant frequenclies with asscilated harmonics, the cause
and magnitude of which have been the subject of numerous investigations.
This phenomenon increases the noise level of the unit. The cseillaticis
are decreased by rounding the wedge. When this is done a higher
pressure 1s obtained in the vicinity of tie wedge which seems to reduce
some of the modes of acoustic frequcncy oscillation associated with a

Jet-~dge system.

A most important consideration in building these units is etficien
We mean that there should be only & small loss of the total energy of t
power Jet., From Albertson's data for free Jjets in tke atmosphere, it 1
evident that up tc = distance of 6w (w = nozzle width) from the Jet
source the total enargy decreases rapidly, and at large distance$ of



approximately 14w or 20w it decreases sccording to some exponential
law. Also from the same data, it is evident that up to 6w the meximum
velocity in the direction of the Jet ficw 1s constant and then further
downstream 1t decrewuses exponentielly. From such informetion one may
conclude that In order to construct efficient units it is necessary to
maintaln the expansion chamber of the Jet as small as possivle and
also neve the divider no rurther dow.istream than 6w. Since high
pressure efficiency 1s required at the output, the streax can be
diffused very efficiently with a 12° angle. The diffuser must he

kept short so as not to obtain separation of the stream from the wall
and also to transform the veloecity of the stream to pressure in a
distance not over 6w. Elements fulfilling thcse ccrditions have been
built and pressure recovery of about 70% and insten :eous Flouw gains
greater than 15 have been achieved in the subsonlc range, up to 15 psig
input pressure. (By pressure recovery is meant the amount of loading
that the unit can sustain, measured in terms .f the input pressure.)

A unit witn tiac ahove characteristics 1s sensitive to rather small
signals applicd at the controls. 1In other words, it is easy to change
e FEsicion of Ghe Stucam Bscs cng chalesh v Srbe) Sliken, aidiGiks
energy expended in this process is smell. Actually, in scme of the
elements atmosphere cut supply sufficient flow and pressure to the
controls to achieve bistable operation. This is possible bacause the
pressure in the buuble or the attached stream is only 9 to 12 psie
and the pressure currounding the unit iz over 1L psia. Consequently,
if the control port is open, flow will enter trom the atmosphere. If
the fiow is greater than the stream can entrain, the pressure in the
bubble will increase wuntll it becomes higher thuu the oue existing on
the opposite side of the stream nnd the jJet will attach to the lower
pressure wall.

Unfortunetely an element of this type works very well orly as long
as no load is present at its output. If a small load such as another
uilt 1s piesent at the ocutput, the static pressuse at the cutput
increases and this pressure propagates upstream in the Jet, shifting
the polnt of attachment of the jet upstrcam. This shrinks the
entrainmert bubble, and 1ts pressure incrcases also, until it becomes
higher than that on the opposite side of the jet. The stream will then
shift to the other channel or, in some designs, will split between the
two channels, Such eftecis are very wnidesirable if cascading of units
is necessary to obtain the required gain.

Cascading of UBdits

In cascading units one must ccnsider the function each amplifier
performs in lhe system, Also it is imperative that the final operational
characteristics of the system be known. In a high gain system, high
instantaneous pressure efficiency of intermediate units is not so
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important as the efficiency of the final stsge. In a three-stags
system where units are stzpped up in tlow capacity peometrically hy
9 factor of 10, e Ylow gelr of ot Jesst UCEN s expected. Hn such

a system if the tirst two stages are made very efficlent, it is found
that the system is unstable.

It is, therefore, necessary that the pressure efficiencies of
intermediate stages be sacrificed and the u.vlders of these s%ages
moved to = position further downstream. Thils change incresaszs the
memory of the units. Aercdjymamically, this means that the ctiream is
caused to attach at & pusition further downstream. Thcn 1f the static
pressuce 1s raised by loading the output, even though the puint ot
atLachment will move upstream a.ong the wall, it can move further
cefore the Jet detaches from the wall. Thus, stability for a large
surge of input pressure is still possible. With the splitter down-
stream, the amplifier has a pressure recovery of about 30% and an
instantaneous gair less than 10. In using such units in a systeax,
some efficlency 1s lost but stability is gained.

At this poilnt, 1T 15 necessary to £ay & few more words apout
memory units since they play a very important role in the system under
consideration. Memory is obtained when the splitter is moved
suffi-tently dcwnstream to allinw the stream to turn and exhaust out
the opposite outlet wilhout creating turbulence at the attachment point.
The siream remeins attached to the wall even with the output of the
amplifier ccmpletely blocked. The fliow wiil exhaust from the opposite
chenael, but the pressure will remain in the blocked channel. If we
reopen the tlocked channel, the stream will exhaust from that channel.
A memory unit js very important in & system since it is usually used
as the driver for the subsequent units.

Positive feedback lcops may be present when two units are coupled;
proper use of thls can increase the flow gain cf the system. For
example, in the three stage amplifier the system without feedback
should have had a flow gain of 1000, but the actual guin obtained was
greater than 2000, The feedback lcop arises from the motion of
particles interacting with the mwsin stream. This entrainment bLecomes
quile high as the splitter is moved downstream and approaches that
of a free jet above 6w. This process can best be explained if we
consider Figure 3 which shows three units connected together. Tie
filled in region 1s the region of flow. In regicn 1 the pressure ic
low since the stream in the third stage ls continually cutraining
particies. 7%his lov pressure willi propagate down to region 2. At the
same iime, the stream in the second stage will also iry to entrain
particles from the leg having no ocutput and to reduce the pressure
there even further. If a condition of egquilibrium exists between the
two stages whereby the whcle process cancels out, then stable operation
is mstatained. But if the entraimment required by stage three is
such that stage two will be affected by 1t, then the ontccmc cf the
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process will b uch that iue streem in stage two will he detached
fron the wall and instability will occur, i.e., oscillations will take
place. Tids is also Lrue between stages cne and two,

The system under consideration consists of three units Jdiffering
one from the other by a fuctor of 10 in nozzle area. The first,
second w¢ud third stages have arzas of .00l, .01 and .1 square inches
respec-ively. Thesretically, according to geometrical analysis alone,
we should have an instantaneous tlew gain of 1000. By experiment 1t is
found that the instantaneous {low «ain for the subsonic range is
greater then 2000. Thie 1s duc to the fact that the feedback from
the third stuge to the second helps to detach the strcam from the
wall. The splitters in all nnits are positioned in ascending manner,
the {irst one being 16w, the second 8w, and third v from ‘he power
nozzle.

The pressuvre vecovery of the system as a whole is about T70%.
This means that the system can operate into a maximum active load
equivalent to 70% of the system input pressure. This system operates
sroperly only in the subouuiv rauge (up ©o in psig) and in that range
can be controlled by access to the atmosyhere,

Iu the oresent investigation, all the expeilments are conducted
on two systems. One consists of three elements connected together
by means of flexible hoses, the other w:as built as a single unit wZth
cach digital element of the uuit e:ihausting directly into the controls
of the sub-quent nae. The controls are holes in vwhich flow passes
from one stage to the other by means of = vortex motion (Fig. 4).
The vortex principle un the control has been chosen as & result of
experiments conducted with water.

The test set up for the systcm consisting of three elements
connected by meuns of tubing is shown in Fig. 5A. Pitot tubes
surrounded by siatic pressure tap holes (Fig. SB) are placcd along
each leg of the system, these pitoi-static tubes help to determine the
pressure distribution throughout the system. These probes are also
important in determining the cstatic pressure which is crezted a2t the
output of one unit when exhausting into the controls of another.

The knowledge of this static pressure build up is very important
in that it gives information about the load existing at that point.
Fig. 6 shows a curve of this static pressure plotted against tle input
prezzuxre; a3 1s evident {rom this plot the static pressure ‘n» *he
hignest between the second and third stages, which shows that the area
of the control nozzlec ¢f the third stage is not large epough to
accommodate all the flow. The statie pressure i1z lcast at the output
of the third stage since the unit is exhausting into the atmosphere.
The statie pressure between the first and second stages 1s relatively
high due tou the stati: pressure build up previously mentioned. Fig. 7
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shows the total pressure in the outpu. of cach stege. The total
pressurec ie the highest at the third stage since the very large flow
momentim more than makes up for the low static pressure in the passuge.
It is well to note that the total pressure between whe first and
seccnd stuges i3 actually almost 211 stetic, since the motion of the
fluid s very clow. Fig. 8 shows the Much number distribution zt the
output of the sceond and third stage. Fig. 9 shows a photograph of
the spparatus used to measure the pressure distribution by means

of the static-pitot tubes. The three units are shown connected in
ceries and a probe ie shown mounted in each Jeg of the system. In
the experiment, the three units had a common Iaput pressure and the
flows were measured by Brooks Iiowmeters or rotemeters. Two flowmeters,
good within 2% over the whole range, were connected in parallel to
accommodste nll the flow.

The systew which is discussed in the remaining part of this paper
1s represented in Filg. 10. This is a three stage emplifier vwhere each
stage 1s connected Ly means of a vortex cylinder type output to the
subsequent one, The whole system has a common input. A top view of
the system ig chowm in Pig. I, The precsure resgyexry of the oystom
varles from €04 to 75%. The pressure recovery i3 measured witih the
ald of a gate valve placed at one of the outputs of the unit. When
the valve 1= partly clcsed loading ihe output of the third stage, some
of the dynamic pressure uvi tne stream is transformed ints static
pressure which is measured in a tank with a gauge connected to it as
shown in Fig. 5. In Fig. 11 two curves of pressure recovery are
presented. When reasurineg nressure recovery, as the valve was being
closed at the output, the static pressuwre was building up in the upper
portion of the diffuser in the third stage. When this pressure Lecame
equal to that at the entrance to the diffuser, a resonant effect caused
oscillations. When the resonant condition was eliminatel, the final
presoure reccovery of the system was measured. The lower curve in
Fig. 11 represents the pressure recovery for loading Just short of
cacilUeticr o while the g ione xsnrsssrtsl the Srne'gPuist s gopetiv fon
& completely closed valve when the region of oscillation has been
passed. Pressure recovery is given as the retio of output to input
pressures.

Output loading curves (flow vs. pressure) are shown in Fig. 12.

By mcans of the curves of Figs. 1l and 12, it is possible to
compute the output power of the system. The output fiow 1s measured
by means of a flowmeter. Since the flowmeter is exhausting
inty atmosphere it reads mass flow directly. This mass flow is
transtormed back to volumetric flow at the pressure existing in the
tank at the output of the system assuming en 1sothermal process.
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Then, using the subscripts (1) to denote conditions in the tank and (2)
to denote those in the flowmeter, the output power (P) is given by

P = nQ
p
2(atz
Py & = fn) PL 8 (1)
P (abs) (gauge)

where p; 1s the gauge pressure of the alr in the tank (Fig. 13). The
pressure p1 (abs) appezring in the ratio is a density correction since
the flow Qp 1s measured with reference tc the atmosphere.

In relution (l) we have assumed an isothermal process, hence

P2
by

‘DI'O
4V)
(]

(™

The maximum power output has been plotted againet the input pressure
in Mg. 4. It iz evident from the graph, that the maximum power
output is about & horsepower. By the samec method the power input of
the system was calculated, and the power efficiency as a function of
input pressure 1s plotted in Fig. 15. The power efficlency is about
60% over the range considered. The losces are due mainly to pressure
and flow dcgradation because scme of the flow goes out the opposite
channel wher the system is loaded.

At this point it is nezessary to iniroduce the term "switching
power." It denotes the rate at which work must be done in order to
detach the strcam from the wall and switch 1t to the next channel.

In order to measure the switching power of a system, an apparatus
similar to the one described at the output is employed (see Fig. 5).
The flov 1s measured by means of a Fisiher and Porter flowmeter whose
maximum range is .5 SCFM. A valve ic provided after the flowmeter
wherevy the flow can be controlled. Following the valve is a small
tank with a combination gauge cconnected to it. The pressure in the
tank 1s measured initially when the valve is closed and then mensured
a mmber of times as the valve is opcned slowly; in particular at

the time when the unit is at the point of switcking. The flow at
switcilng is also measured. Hence, the instanteneous power to switch



is dcfined as

P2(atm)

- —

Apl(ahs)

Py Q = pl(gauge) L (2)

This power iu that which passcc out of the small needle valve at the
instant of switchirng. In order to calculate the real instantaneous
switching power, it would be ".ecessary to know the total pressure at
the output of the control nozzle at the instant of switching. This

1s not possible at present. But if 1t 1s assumed that the losses

from the valve to the nozzle are very small and tuat the demsity of

the gas doesn't change very much, then the switching power calculated
is close to the correct one. In equation (2), p, is the gauge pressure
at the instant ol switching, while Ap; appearing iu the ratlo is the
difference between the pressure existing in the tank before the valve
is open and the pressure in the tank at the instant of flipping. In
our case the source of power 1s the atmosphere. Since the pressure

ir the tank 1: below atmospheric, when the valve 1s opened the pressure
ailffcvence belween p) and jgep 46 ehuugh Lo cicale the 10.0W necessary
to switch tie system. It 1s aiso possible to obtain switching power
into the controls from a supply line through a regulaior.

Switching power as a functicu of supply pressure is shown ‘n
Figs. 17A and 17B in different units. From these curves, it is evident
that little power 1ic needed to control the whole system up to 15 psig.
The switching power 1s oniy a very swail fraction of a watt. If we
lock back now at the puwer output (Fig. 14), we find that the
instantaneous power gain irccrvases rapldly and et 15 psig, 1s about
9000. ‘Umne plot of power gain against input pressure i1s shown in Fig. 16.

Now that the rower of the system has been discussed, 1t appears
necessary to say a few words about the flow of the gystem. The whole
systen has & flow capacity of 64 SCFM at 15 psig (see Fig. 20 where
the veriation of flow with respect to input pressure is shown}.

The flow gain of the system, 1.e., the output flow divided by the
switching flow, increases rapidly with pressure (WMg. 18) until it
reaches maximum (3000) at about 8 psig and then drops slowly as the
pressure is increased to 15 psig. The switching flow normalized ln
terms of the output flow is shown in Fig. 19 and this shows that the
reletive flow to switch the whole system decreases rapidly up to
gkcut 6 psig and then remains essentlially constant up to 1S peig.

Flguwie il shows one experimental set up which may be employed to
determine the basis characteristics of each of the individual elements.
The pressures at the inputs and outputs are measured by means of
tranrducers. The input and cutput flows are measured directly by
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flowvieters and clso computed from the pressure differences measured
across orifice plates. The signal outputs from the transducers are
plotted on an X-Y recorder. By this method plots ere obtained
directly by changing the input pressurec continususly with a motorized
valve., Once the characterisitics of the elements are known, then it
is a simple matter to metch them together for given requirements.

Figures 2zZA and 22B show another set of apparatus by which the
pressure distribution of a Jet 1s measurcd with static taps placed
one nozzle width anart along the wall, With this apparatus, it is
pcssible to find the point of attachment cf the jet and elso to
determine how it changes as scme of the parameters are varied. The
pressure distribution is read by means of manometcrs.

Some Further Prohlems

Although d'gital systems can be built and fluid amplifiers can be
staged to obtain very high flow gains and power galns, more research
in the following areas 1s necessary in order that theoreticel analysis
cun be correlaied with experimenial resuits: The measurement of
pressure profiles before entrance into a ditfuser; the measurcments
ot static prussure profiles along the brundaries of the amplifier;
and the reduction of acoustic nolse generated in Jet-edge ovrcillations.
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ROCKET THRUST VECTORING
by
Allen B. Holmes
of

Diamond Ordrance Fuze Laboratories

Abstract

An experimental program is being conducted at ICFL to investigate
the characteristics of a superscnic fluid amplifier discherging air at
high Mach numbers into the expansion cone of & rocket nozzle for thrust
vector coutrol. Preliminary static tirings of a cold gas Mach 3.2
nozzle with fluid aaplifier controls were made during Septemover of this
year. Direct measurements were made of the emplifier inpat flow,
induced lateral thrust, and switching levels.

Introduction

Today rockets are desigred for maximum propulsive efficiency, with
maximum payload, and to follow extremely acrurate trajectories. At
1ift off and in outer space, external aerodynamic surfaces are ineffective
as control elements and some other means is required.

There are five major methods of controlling a rocket's trajectory.
These consist of: Jet vanes, jetevators, gimbled or swiveled nozzles,
vernier rockets, and secondary fluid injection.

The first four of these have disadvantagzes such as exrcsing moving
parts to high temperature exhaust streams, requiring high actuating
forces, and having a relatively low frequency response,

A rocket is a thrust producing system which derives its thrust from
the ejection of hot gases generated from material carricd in the system.
It has already been previously shown that a portion of this gas can be
bled from the combustion chamber and fed back into the expansion cone nf
the propulsion nozzle for effective thrust vertar rantwenl  Fovawen,
present hot gas injection systems require valves that are capable of
bleeding gas directly from the combustion chamber. These systems also
have the disadvantages of exposing moving parts to a high temperature
high pressure stream, and in the case of s0lid propellant motore the
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inlermittent operation of valves can afrect the burring :-ate of the grain
and ceuse a reductioa in combustion pressure and overall performance.

DOFL's effort in this field is directed towarde the utilization of
fluid amplification techniques as applied to a chamber bleed thrust
vector contro) system. This type of system has the advantage of not
affecting combustion pressure and of having higher response rates, low
actuating power requiremernts, no moving parts, and increased reliability.
Proportional control can be attained wi'h either a bistable unit which
is pulse duration modulated or a proportional type fluid amplifier.

Objlect

Culd gas testing is presently underway on the prototype fluid
amplifier which is shown in Figure 1. The unit was designed to have the
followlng characteristics:

(1) No moving machanical parts;

(2) Bistable operation;

(3) A flow gain of S00 (Flow gain in this case is defined as the
prinacy nozzle flow rate divided by the control jet fluw rate
required to produce a given lateral to axial thrust ratio);

(k) A lateral to axial thrust ratio of about .05 for a secondary
to primary flow ratvio of ,025.

Test Set Up

The amplifier was designed with interchangeable purts in order
that changes cculd be made without interrupting tests. (Figure 2)

The power Jet was designcd to diverge in a plane normal to the
interaction region. This wus done to increase the aspect ratio of the
nozzle, and therefore cut down on the viscous effects, due to the cover
plates.

.'.!.:“"‘ X shows the a.mpliﬁt:“' Dountsa fn the y;vy\u.-;vu LDULBLS .
The primary nozzle was designed with an expansion ratio of 5.12, and a
primary flow rate of 3.5 lbs/sec. The theoretical axial thrust without
injection was calculated to be equal to 22C lbs.

A three component thrust stand (Figure L) was designed and builli at
DOFI.,. This stand is a framework in which three lcad cells are located
in a single plane to determine the axial and lateral components of
thiizl,. Tl dvceic eescuvig 46 LEld A4 place VY illexure supports. inese
flexures behave effeclively as pinned Joints, dbut provide high compliarce
in all letevn) Airections. The spring constraints they impose on the
system are very small relative to the rorces being measured and can
therzfore be neglected.
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Tests

1t i3 to be ncted that the purpose of these tests is to develop
techniques for injecting the output of a fluid amplifier iuto the
supersonic exhaust of a conjecal propulsicn nozzle. Emphasis was placed
on the compiling of information on the relative characteristics of each
test system. A number of basic simplifying assumptions were made.

The basic assumpticns were:

(1) Adiabatic isentropic flow throughout the entire system.

(2) Constant nozzle discharge coefficients.

(3) A constant location of the induced center of pressure on
‘the primary nozzle wall.,

(4) At secondary to primary flow ratios less than 0.05, the
effect of the axial thrust component of the fluid amplifier
was assumed equal to zerc.

Test Reosults

Figure 5a 1s a schematic diagram of the fluid amplifier and nozzle.
The general performence characteristics of this fluid amplifier thrust
vector control systex cwii Ve summarized in Figure Sb. This is a curve
which piots induced lateral thrust against left and right control jet
flow rate. The arrows indicate the order in which the process toux
place.

The best overall performance of the system occurred with an over-
expanded power jet. Psrformance was determined on the beasis of maximum
induced lateral specific impulse., lateral specific impulse can be
defined as the induced lateral thrust per pound of total injected flow.
A comparison was made between the induced lateral specific impulse and
the specitic impulse of a hypothetical nozzle expanding under ideal
ccnditions at the sawm> power Jet pressure and flow rate. ‘The lateral
specific impulse with injection for this system was fouud to be about
1.c> times as great us tu ldeal hypuilbeiical nveslic.

A poirnt by point explanation of Figure 5b goes as follows:
(a to b) the total power jet flow is ejected out the rear of the
amplifier. At (b) there is just sufficient f£low to switch the power
Jet flow into the primary nozzle and cause an abrupt increase iu lateral
thrust (b tn c). The control jJet flow is then reduced to zerv {c to c'),
causing a slight decrease in lateral thrust. When a small control flow
{¢' to d) 1s introcuceq, tnere 1S & SL1ENT 1NCYEASE 1l 13aTErul LUIUstL
which .« llnear with resgeot to the increase in control flow. This flow
switches the amplifier flow out of the primary nozzle, causing 2 csharp
decrease in lateral thrust (d to e). The control Jet flow is reduced to
zero, thus completing the cyecle.
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Shadowgraphs

The shadowgraphs, Figures 6 and 7, correspond to points d and b
on Figure 5b. The output of the amplifier produces a shock wave oy
appearing as a discontinvity to the primary stream. In effect the
injected flow foims a wedge near the point of {njection and causes the
primary stream to separate from the nozzle wall. As the stream passes
through this induced snock wave it Jecreases in velocity, increescs in
pressure, and tends to turn in the direction of the shock wave. This
build-up in pressure in the separation region, plus the pressure end
momeatum of the injected stream, gives a resulting lsteral thrust
greater than a similar injecticn nozzle exhausting at the same pressure
arnd flow rate, at 9C° away from the primary stream.

Summary

In summary, the measured characteristics of the amplifier system

were.

(1) The wost efficient vectoring was achieved at a power Jet
pressure of 115 psia;

(2) A maximum lateral to axial thrust ratio of 0.0l4 was
measured for a secondary to primary flow ratio of 0.0l.
(This correspcaic Lu & force amplification factor of
about 1.4.);

(3) The system had a flow gain of about 700;

(4) The wuplifier had bistable operation at pressures up to

300 psig.

It iz to pe emphasized that these results are not indicative of
optimum performance, but serve to illustrate the feasibility and
adaptability of fluid amplification principles to Rocket Thrust Vector

Control.
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Figure €. Shadowgraph of deflected exhaust,

Figure 7. Shadowgraphs of undeflected exhaust,
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ABSTRACT

Fluid smplification, a recent Amy inwvention concerned with the
contrel of flowing flulds without woving parts, has been applied to the
powering and contrel of an extracorporeai heart pump. Except for an
artificial ventricle, two artificiel neart valves ani a flapper ic
control suchion, the fluid amplifter pump hes fellidr moviig control
parts nor electronices. The output 1s pulsatile, and ivs average rate
of flow varies directly with filling pressure and inverscly with vascular
and other resistances, to achieve flow regulatin: KOS, S8 EL I,
long life and low cost are achieved. Early evaluat.iou tests sugges” {ts
performance capabilities and hemolytic characteristics are at least
egual to those of the better available heart punps.

The Problem

The advent of cpern heart surgery has presented to the medical
professica the opportunity of rcpalring damaged or ciseased hearts that
otherwise might soon fail completely. Many deviccs are invcelved in this
type of surgery. One important apparatus is a pump that can accume the
heart's role while the heart iz being repaired. Existing pumps nare
rairiy complicated beoth in design and in the methods of control.

Firid amplificaticn offers the possibility of desigr and control
simplification for pulsatile types of extracorporeal heari pumps and a

(1) Diamond Ordnance Fuze Laboratories, Washingtsan 25, D. C.

(2) Walter Reed Army Institute of Research, Washington 25, D. C.
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move accuratc duplicaticn of the heart's physiological pumping functione.
Because electronics can be eliminated and moving parts minimized,
reliability can be measurably improved and producticn costs can be
significantly redugced. These urusual qualifications recommeaded such a
punp to the Army Medical Corps for fleld use.

Appliication of the pump might be expanded t. include regional
perfusion and the support of dameged or diseased heerts which if supported
could recover.,

Consequently the problem was to design an extracorporeal heart pump
powered and controlled by fluid amplification principles. This paper
describes the development effort to date. The pump, called the Army
Artificial Heart Pump, is being Jointly developed by the Walter Reed Army
Institute of Research and the Diamond Ordnance Fuze Laboratories.

Design Requdrements

The requirements for any extracorporeal heart pump may be broken
down into three major categories. The pump must:

a, Duplicate th: heart's esasential pumping functions;
t. Posscss adequate reliability and 1ita:
c¢. Be appropriately packaged.

Each of these will be considered in detail.
a&. Physiological Requirements

The pump must obviously possess enough of the wssential
functional pumping characteristics of the human heart to rustain life.
Furthermore, irreversible blood damage can not be tolerated either curing
or after the pumping run. From an examination of the literature and
e)d.sting pump designs , 1t appears that a single set of functional

~T mtvmremm S en mamaeme VT heom mad Whonem andaVdabhaa
LC\‘MICMJCMVU .A.VL t.lnaru.\-v.ty\... Gt _yumyu poes BLC L e HD MUV UeLis W VL d M e

The authors in developing the fluid amplifier pump considered the
following heart functiions important:

(1) Output Pressures and Flows

The pump must be capable of adequate perfusion
of the subJew. Moreover it seems desirable to have a single punp
DGULDLJ Wi uccub UL o J.c.a.ova.vc.s.y .|.N5c L ANS v; owgb\.vn A\.bwu.u.nu vi
age or size. The pertinent cardiovascular pump parameters (pressures,
flows, age, size, pulse and activity level) for the human male from
age 1 through 80 are summarized in Figure 1. The ordinate is a cardiac
flow index relating mean blood flow rate to total body surface area.
Since the parameters of Figure 1l are collated from several medical texts,
the information lacks a high degree of statistical significance. However,
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it does establish the general output requirements for the pump. For
operating room application, only basal or restiing conditious are of
concern.

(2) Loai-Matching Capabilities

Reference 1 suggests that the human heart exerts
Just enough myocardia) (musele) force per stroke to achieve the nzcessary
blood flows. Excess force causes excessive blood damage. An index of
such trauma is the increase in red cell destruction. This index is
called hemolysis. To control hemolysis and other blood damage the pump
should be designed to propel blood with minimal force application.

(3) Pulsatile Blood Flows

Dicegreement exists among cardiovascular experts
relative to the need for pulsatile bilood flows for extracorporeal pumps.,
The technically more easily constructed nonpulsatile pumps are currently
most popular but both pulsing and steady-flow pumps presently function
succecsfully for short periods - one to two hours cnly. It may be,
however, thut long-term perfusion requires nulsed Mows. Reference 1
suggests that resonant principles may operate in the cardiovascular
system. If so, the pumping system (including the catheter) must then
be capable of dupliceatiig lLo vubjeci's normal pulse to exploit the

elastic responses of the circulatory systems.
(4) vasomotor Concilerations

The heart i1s a relatively constant myocardial
force pump because of vessel distensibility and the vasomotor character-
istics of the cardiovascular system. Flow resistances are made o vary
autonomously by the nervous and endocrine systems to suit the physical
and emotional needs of the individuai. To minimize the pump forces
propelling the blood and to allow the pump to regulate its oulput in
response to vasomotor changes in flow resistance, output flows must
decrease with increased flow resistance and vice versa. To preclude
packing or Gepleiion uf tie Lwo ciiculativin systéis, the vulput flow
must also be made to increase with increased filling pressures, as in
the case of the human heart.

(5) Other Functional Requirements

Filling of the human neart ventricle is achleved
mainly by the difference between atrial and ventricular pressures during
the perivd thne alllerence Ls Wailliil. OUWSVEr, alllal CuuuiacLive piage
a small but significant part in the f£illing process (Ref. 2, p. 24k) and
serves to increase the flow rate of the heart by boih increesing
ventricular distention and compensating for valve resistance. For these
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ressgiip’ and {¢ cannulme® resistances are significant, it mlght be
lemirable cause the purp to suck slighily in diastele. Additionally
i the punp is Lo be used as an augmentation device for failing heert
patlents, the pump snould be canable of synchronizing 1ts pulses with
that of the dlastclic phase of the heart. By puwaping blood during
iestoie, boulh peax myocardiul r'orces and the work oi the heart are

<.

faitgehed .

e+

The pump shoulé also cewse as lithle blosd
leunage as that caused by presen:tly availeble commercisl purps. Blood
lamege nrises not only from the use of winecessarily large punp pressures,
retferred to above, bul also from a variety oI other phenomena, such as
vurbuwlence and shear, that are influenced by the mechanicel design of
thie pump.

b. Reliability and Life Considerations

Higzh reliability is an obvious necessity. It snhould be
neasurable and predicrable and as indepenfent as possible of opersiing
conditions, the type of personnel responsible for Liw pump, and the kind
OI power souree used. n the event ot nower failure, the pump should be
designed to urerate on stored energy. ine pump should require minimum

frntacarnne

¢. Packuging

The following design atiributes wouil be generally
desirable for the pump. It should be:

(1) Simple *o operste and maintain

(2) Controllable with respect to pulse shcpe and
rate

(z) Fobricated out of transparent materials to

allow visual obscrvation of performance

(impending ventricle failures can be

cesesved,

Sterilizable preferably by autoclave methods

Functional with negligible heat liberatlluu

Fabricated out of materials compatible

with the blood

Easily transportable

Sezlable to preclude blood contamination

aal air embolism

(3) 1Inevpenaive to manuacture

(10) Operable with low audible noise levels

f=n

3%,
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]

—~

—~—
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*Cannulec are small tubes inserted into the body cavity through which
blond passes from and to Lhe pump.
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Existing Designs

Existing pumps ard their performance capsbilities offer to the
designer a valuable source of experience and knowledge. Their advantages
and dlsadvanteges are considerzd in this section.

Present extracorporeal pumps may be ciassified with respect to the
type of flowes they produce, 1.e., pulsatiie ur essenti=slly nonpulsatile,
Nonpulsatile pumps are the more uniform in design. They usually consist
f a plastic or rubber tube or slesve wrapped around or within 2 non-
flexing cylinder. A rolier driven by an electric motor squeezes the
tube as it rolls around the cylinder. Blood is forced anead of the
roller. This type of pump has the followling advantages:

1. Valves are eliminated
2. Minimal propelling pressures exist
3. Control mechanisus are relatively simple

Dicudvantages may oe:

1. A relatively short ventricle 1{fe
2, A lack ot compactness

Pulsatile pumps are l-2cc uaiform in design. They usually consist
of a plastic or rubber ventricle squeezed by electric motors, pistons,
electromagnets or pressurized fluids. Valves are required to control
the hlood flows. Such pumps have the fcllowing advantages:

1. Compactness
2., Long ventricle 1ife
3. Pulse duplication potentialitiesz

Disadvantages may be:

1. Excess propelling pressures
2. Valves which are both hemolytic and short lived

= TaVadlecnTar anweaId acdad mcemdoeat oo clcwd eee -
YAl Akl o] VWL dkd WYL WAL WA W TG HIGLLIL OO

Exceptions certainly exist for both classes of pumps. Consideration
of existing designs was found valuable in the development of the fluid
amplifier pump particularly with respect to factors aftecting hemolysis
and ventricle life.

o) a PR TR T N
A LY S VAAANAGL UCHRA L qug

Figure 2 shows a recent Army Artificisl Heart Pump deaign. 1t
consists of a fluid amplifier attached to a nousing containing a plastic
ventiicle and two plastic tricuspid semilunar valves., Two gages attached
tu the housing measure the amplifier and power supply pressures. Control
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The Army artificial heart pump,
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to regulate systclic pressures and pulse rate have also been
trodu well as a control to adjust the duratiou of he systolic
. Thece permit adjustment of the pump's output tc the individual
T the subject prior to or at the beginning of the pump run. (If
e pump was 1ntended to perfuse only a single subjeet with kaown
ipheral reslstances, the essentlsl elements for sstisfactory operation

o
5.

=

o

e

L oal'g oo

wld be those snown in Figure 3. In this case the amplifiler would be
e3igned to accomrodate the needs of the subject and the power supply
1thout regulating valves, )

a. OCperational Deseription

Witk the aid of the pump schematic shown in Figure b,
peration may be described as follows:

A fluid (air) enters the fluid amplifier after passing
through a valve (the systolic amplitude control-A) which regulates the
gmourt of air flowing. Upcn leaving the powsr nozzle as & high velocity
strewn, lhe flowing air beglns to entrain additional air. Because
entroirment on either side of the stream does not occur at equal rates
iue either to uneaual spacing of boundery wells or pertushbaticns of the
cstream itself, the stream is forced to deflect toward the side of least
entraintent by wvirtue of unbalanced pressures, Replenishment of air on
the side now closer to a bounduly «all 1s further impeded by this initial
eflection of the power stresm creating still lower ambient pressures in
this region and greater stream deflections. Eventually the power stream
Is caused Lo "lock on" to the closer wall. ‘'he pump will start to pulse
regardliess of the wall chosen by the stream to lock on iuitially.

I7 the power stream locked on to the left wall upon
admissicn to the interaction region, it would subsequently flow through
the left receiwver into the housing where the increase¢ in air pressure
squeezes the ventricle, as shown in the side view in Figure L4, until the
upper porl is uncovered. Air then flows through the deflection control
line and vy virtue of an exchange of zmcmentun between it and the power
stream, the power stream is deflected to the right receiver. In this
piicess ul syuewalug lhe veulricie Uy air pressure, a carciac systole
has teen duplicated.

After power strean switching has occurred, blood,
forced by gravity, begins to fill the ventricle and in so doing closes
the Jizflection port. The entrainment process begins with air being
drawn both from the now closed deflection 2ontrol line and through the
left receiver from arowd the ventricle. As long as the ventricle is
Sapauddig, alf’ 15 bupplled 10 sulllclent guantilles to s4llsly entrainment,
and the power stream remains locked to the right wall, When the ventricle
has been completely filled, air replenishment is impeded on the left side
of the power stream. In the opposite coatrol Jet the pulse duration
control (B) permits a metered amount of air to enter to prevent entrainment
from dropping the pressure below a predeteimined level. A pressure
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Figure 3. The disassembled pump
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Figure 4. Heart pump schematic.
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difference builds up between the control nozzles. When it becomes
sufficlently great, a flow occurs in the right control nouzzle great
enough to deflect the power streem back to the left receiver. The cycle
1s now complete.

Tre pulse rate control (C) 1n the right receiver
serves to create an adjustuble joad for the amplifier, and, as a
consequence, pulse rate can be controlled. The lixed bleeder bypassing
the pulse rate contrul precludes back pressures Irom building up great
enough to switch the power stream. Control is achieved over the pump's
systolic pressures by metering the amount of air entering the ventricle
chamber. The pulse duration contsul, by regulating entrainment in the
right control jet, allcws the power stream to remain locked in the right
receiver for adjustable periods of time thereby alowing the duration of
the sy:ztole to be varied. The pulse duration control, the fixed bleeder,
and the pulse rate control are open to atmospheric pressure. Adjustment
of any individual control affecis the functions of the others to some
degree.

Output blood flows are made to vary directly with
£illlug pressures Ly causing corresponding changes in the filled volume
of the ventricle. By limiting the residual volume of the ventricle in
systole, the desired effect is produced. This characteristic provides
a regulaticn cf filling pre~eurcc without electronic or other level
sensing devices. Because of erergy conservation, the output flows vary
inversely with the flow resistances presented to the pump.

Minimal propelling pressures are rezlized by having
the power stream prcduce flows which vary directly with the loads
presented to the pump. The fact that stroke volume and pulse rate are
controllcd by the power stream offers the possibility of exploiting with
& fair degree of precision the elastic responses of the vascular system
by duplicating the appropriate stroke volume and pulse rate for any
particider lcad and flow rate. The present pump cuu be made to approxi-
mate this for a variety of human situations by changes in ventricle
stiffnecs.

Atrial contraction during diastole can be approximated
by having the power stream entrain air through the left receiver from
around the ventricle to produce slightly negutive pressures. By allowing
the power stream to suck air both from around the ventricle and from the
atmosphere through the suction control, ventricular sucking can be
regulated from near O mm Hg to much greater values.

A unusiel CKesEctSiisitad of (Ui pling cie Ui e
pumping mode similar to ventricular fibrillaticn can be produced. For
povwer stream flows above certain energy levels (these levels can be
veried), the power stream switches from receiver to receiver rapidly at
about finrillation trequencies because of insufficient ventricular
filling time. Blood flows fail to zero.
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b. Reliabllity and Life Characteristics

The fluid amplifier pump design should result in improved
reliability and longer life for the followlng reasons:

(1) Only four moving parts are involved. There ave
no electronic components to fail. The passageways in the fluid amplifier
are too large to clog easily.

(2) The basic fluid amplifier components can be
reproduced with consistent accuracy.

(3) Maintenance is minimal. Lubrication is
unnecessary.

c. Packaging

The packaging aspects of the pump are excellent. It
consists of a minimal number of basic parts exclusive of assembly screws,
pressure gages and valves. Apart from the fluid amplifier, dimensional
tolerances are large. Both the hcusing and amplifier can be fabricated
out of clear sterilizable plastics. Molding technigues cen be used in
the prodiaction of all pump elements. If requiied, the ventricle and
valves cun be thrown away after each use because of their low cost.

The present pump weighs 10-1/4 pounds and has a vol-'me of
(about) 150 cubic inches. These can be reduced considerably. It
produces a muffled avdible pulsing noise when operating. Quantity
production costs for the complete prctested pump in its final design
should be quite low when compared with the costs of dvailable pumps.

Ferformance Results

Neither the engineering nor medical evaluation tests cf the
punp's capabilities have been completed. The pump appears to have the
following performance characteristics:

1. It can produce blood pressures from near 0 to about
500 mm Hg.

2. Blood flows of about 1/2 liter/minute to nine or ten
liters/minute are possible depending on circuit flow resistan:es and
the ventiicle design used.

3. Pulse rste can be varied from about 30 cpm to 180 cpm.
The upper limit depcnds cn fluw resistance and the ventricle design.

The hemolysis rate appears to be less than that caused by two
commercial pumps employed in comparison tests. The promising features

91



f deslgn discussed above have provel funclioual and adequute during

-

both partial ard total heart bypass proot test experiments with animals.

It Las been observel that autonomous changes in the peripheral
resistance of the animal cause the output of the putp to change
acenrdingly without adjustment of controls. Increases in peripheral
resistance cause decreases in the pump's pulsing frequency and vice
versa. Ueciuded veinous lines cause the pump to stop pulsing.

Decreases in filling pressure cause the pump tu slow its pulse
rate with a corresponding reduction in flow rate.

Through adjustment of propslling pressures and right control
entrainment (the pulse duration control), both the duration and
amplitude of the puzp's systole can be varied. These changes have been
observed in the arterial system of an animal.

Problem Areas

Apart from decign improvements iutended for future production models,
three design problems need better solution in the RkD prototype described
herein. One problem concerns valves. The life of the tricuspld semilunar
types produced for the puiap is relatively short, although their hemolytic
characteristics are good. Other valve designs are being considered. The
second problem involves the stability of the material used in the
ventricles, Apparently the leaching of plasticizer from the material
used causes the pulsing character of the pump to change. Thirdly a series
of ventricles need to be designed to acccmmodate & range of subjects.
Unfortunately a single ventricle design can not satisfy the range of
needs between small snimals and large humans.

A heart pump using fluid amnlification principles has been designed
Lhial can approximate many ot the humsn heart's pumping functions. It
operates with few moving parts and no electronics. Rellsbility and life
are consequently increased and production costs significantly decreased.
Pumping and hemolytic characteristics are at least equal to those of
available btlcod pumps.

Of perticular importance to the Army in thc field are the facts that
the pump can be transported by hand, it can be complctely disassembled
auld rewssemuled 1n minutes, and except for ventriecles and hee valves
all parts can be autoclaved. Its rugged construction permits toleration
of rough handling. Power can be provided by tanks ot compressed gas or
eventually perhaps even by exhaust gases from internal combustion engines.
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SURVEY ON COANDA FLOW*
by
Paul K. Chang
of
Aerophysics Co.
The Catholic University of America
SUMMARY
A survey of 31 available references of analyses and experiments was
made on Coanda flow which clings to a curved or deflected surface and in-
creases mass rate of flow. This survey may be useful to better understand

the mechanics of this type of flow and for its practical use of fluid amplifi-
cation.

- - e e .- -

Henri Ccanda, a Rumanian engineer, conducted an experiment of jet
flow using the following sketched device equipped with a curved surface in
the form of an ogive cap.

Ambient .- r/

Air -

Fig. 1. Coanda Nozzle

*This work was supported by O, N, R, Contract Nonr-2747(00) with Aerophysics
Co., Washington, D,C.
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Air flowing through a cnannel was led to a slot and then to the upper
curved surface. Coanda observed the following phenomena: (Reference 1)

The air jet is deflecred toward the wall surface and jet flow clings
to the cap. The ambient air over the ogive cap 1s depressed and

1s entrained to the jet fiuid. If the curved surface is deflected for-
ther at a proper length to a new direction, the same phenomenon
occurs again, although less strongly. Hence, by repeating the same
deflection process it is possible to deflect the jet-flow direction to
alarge angle and to increase thc mass rate of flow considerably.

Coanda invented useful padgets exploiting these flow characteristics but did
not elaborate to investigate scientifically.

The jet fluid flowing ouat from the narrow slot has a small thickness layer
of fluid, Due to the limited thickness of the fluid layer the centrifugal force
plays a role by pressing the jet flow toward the wall as the fluid accelerates
along the curved surface reducing pressure. At the same time due to the vis-
cosity of the fluid the ambient air is entrained to the jet, Dowustream due to
jer flow dissipation the jet flow deflects less strongly.

The jet flow issuing from a nozzle can be deflected and its mass rate of
flow will be increased also by placing a single deflector or multiple deflector
of straight plates joined at one end to the nozzle exit. In this case, jet flows
over an inclined straight wall and remains attached up iv a point of detachment
wnere jet flow leaves the surface. This detachment pcint is located where the
local surface pressure approaches the ambient pressure. These facts were
obscrved by Von Glahn (Reference 2, 3) who investigated them scientifically.

At the opstream of the detachmert point, the surface pressure is lower than

the ambient pressure, thus flow attaches upstream of the detachment point but
downstream of the detachment point flow detaches from the surface becausc of
higner pressure than that of ambient air. When the jet flow turns a sharp curve
2t the leading cdye of a dellecicd piale, e velucity of fiurd increases and con-
sequently pressure decreascs causing a suction effect. Therefore duc to this
suction, the surrounding air is rushed to the jet and because of visccsity entrain-
ment occurs, But pressure rises reaching the ambient air pressure at a certain
distance from the leading edgc and pressure increases further as the flnid ap-
proaches the trailing edge. {Reference 2)

The ahave-mentinned phenamears miav ha rallad Coands offcce, Ilonce, the
"Coanda flow' can be definecd as a jet flow which clings to a cuirved or deflected
surfzce and increases the mass rate of flow along the flow path. A nozzle,
where Coanda effect is applied to gain the large mass rate of flow is called a
"Coanda nozeie."

96



I'he entrainment of ambient air to the jet or absorption of external fluid
to the jet is similar to the cffect on aerodynamic sink. (Reference 4). Hence,
the phenomenon of Coanda flow is that of an essentially wall jet involving sink
effect. 1lf Coanda flow is weil understood and applied for practical use, a sig-
nificant coniribution to the development of fluid amplication can be made be-
cause wall jet is widely used for this purpose.

A survey of up-to-date available and pertinent references on Coanda f{low
and reclated subjects is briefly made here.

In order to conipute perfoermance of Coanda nozzle thrust of jet flow must
be known. Since thrust is connected with dissipation of jet flow the following
information may be useful.

On turbulent dissipation of jet flow, Caille (Reference 5) found that when a
jet flows over the curved wall then, because of intensified secondary flow maxing,
the dissipation rate was increased several tirnes.

Or turbulent jet flow thrcugh a nozzle Sigalla (Reference 6) observed that
jet core begins to dissipate at a distance of about eight to ten times the test noz-
zle height downstream from the nozzle. Because of this dissipation the perform-
ance may e well defined based upon undeflected jet flow at or immmediately near
the exit nozzle.

By defining the performance of the Coanda nozzle as a ratio of lift to unde-
flected thrust, F1, or as the ratio of axial undeflected thrust, ¥,, and express-
ing 1t in the following simple equations, a good agreement among the experimenta
and theoretical values was obtained as shown in Fig. 2.

The equations of the performance are,
Fi, = sin @

(1] (Reference 2)
1 - sin Q -tany

and Fy,
where 0 is the angle of the deflected plate.

These equations are derived from the momentum equation of jet flow under
the following assumptions: (Reference 7}

Tne wnote primary jet expands to ambient pirressure before intercepting
the plate, which is two-dimensional, and only the surface affecting the
flow. Counteracting moment as wcll a8 ejector secundary flows are
negligible.,

97



Eatio of axial thrust to undeflected

Ratio of 1ift tc undeflected thrust,
fL

98

thrust, J%

—_——— —_———— e e et e = rP—— - ——— - — = — - — -y
i De-l'.LH:tlnn plate length, | |
. . _ 1, in.
. + + + . R S
| [ | o 2.5
| ! o 5.5
= ] 0. R.5 L |
T 2 &%
|

aq. (1])

b

,T_,_.__' — e = (TeOrebionl

| | — e e Thoretical (sine curve)

%
s,
L]

€. i
\

1
_!_\i S

|
£

|
1

5 S I O 8

-
T
-

a
\

] ‘..-r

1A l'
A K '

’ A O
7 / 4 <> L
I
[o] 20 40 o 20 40 (o} 20 40
Deflection -plate angle, ¢, deg
(a) Nozzle height, (b) Noz=le height, (c) Nozzle he ight,
NS inch, 1.1 inches. 2.0 inches.

Figure 2 Typical performance of Coanda nozzles as function of deflection-plate angle.
Nominal pressure ratio, 2.1.

(rRef. 2)



1. Analysis of Incompressible Coanda Flow

The analyses comprises inviscid and viscous flow solutions.

a. Inviscid fiow solution

Coanda flow was first analyzed by Metral (Reference §). By using a tech-
nique of conformal mapping, Metral was successful in showing that the air jet
flow along a single sharp-edged bend incrcases the mass flow rate. This result
was verified by an experiment on automobile and motorcycle engines equipped
with Coanda nozzles.

Voedisch's analysis (Reference 9) verified Coanda's findings -- the in-
creased mass rate of flow issued from a nozzle and flowed along an inclined wall.
Furthermore, Voedisch showed that the stationary ambient air is entrained along
the primary ~t.

Stratford (Reference 4). hy analyzing the jet flap, found that direction of
ambient air velocity is perpendicular to the jet boundary,

Lighthill {Reference 10) studied the clinging characteristics of an incompres-
sible flow on a smoothly curved surface and applied his theory to the bar-~ of a
wind tunnel. Yen (Reference l1) applied the concept of free streamline and the
Schwarz-Christoffel technique to the Coanda flow and extended Metral's work.
Yen found that his analysis led to Metral's formulation when the smooth curve is
reduced to a sharp corner and the Coanda effect is increased if the sharpness of
the corner is increased.

These results of analyses with ideal fluid are not exact, and often are of
little practical use, since the real flow differs from the ideal flow because of the
viscosity of 2 fluid., Based upon the nonviscous flow solution, the viscous phenom-
enon such as jet flow detachment from the surface or reattachment to the surface
can not be predicted.

b. Viscous Coanda flow

One of the essential {eatures of Coanda flow is the ability of a narrow jet
to attach to the surface, therefore the length of attachment or location of incep-
tion of detachment is an important problem to be investigated. The similar
phenomenon to this is separation of flow with thick fluid layer. Thkis problem
has been studied much more extensively compared to the detachment of jet flow.
Hence, a comparative study of these two phenomena, detachment and separation,
may serve in the investigation of Coanda flow. In the following pages some of
the differences of these flows are shown and in order to distinguish them, the
terminology '"detachment' is referred to as a narrow jet flow leaving the surface
and ''separation'' to ordinary wide layer flow departing from the wall. Since
separation is characterized by its velocity profile, the velocity distribution of
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jet flow is studied {irst. The two-dimensional jet velocity distributions have
been solved by Glauert (Reference 12) and GYrtler (Reference 13).

- GClauert was successful in obtain-
ing solution for laminar and tur-

!\\ Half Tet bulent radial and plane wall jets.
y A ! : & _J"‘ As shown in Fig. 3, the mean
% AN velocity profile of turbulent wall

Dy gu.. Boundary  jet consists of an inner boundary

Layer layer ( Y<Ym ) 2nd outer half jet.

(Reference 19) The approximate solution is given
Fig. 3. Two-dimensional Turbulent by a matching procedute of boundary
Wall Jet layer flow for whiih the eddy vis-

cosity varies with y to the outer
flow for which eddy viscosity is assumed to be constant.

The inner profile given nurnerically by Glrtler (Reference 13) is shown
in Fig. 4.

L%u -

Qg “/

06 -

a#/ Fig. 4. Boundary Layer Mean
62l Velocity Profile of Tur-
' bulent Waili Jet
et ,/5 (Reference 19)

wz 0% 95 0F Ia
The outer profile which is similar to the free jet is given by

u g = e
G e [an( Yoo~ 4 )} [2]

This velocity prufile of wall jet is different from the ordinary wide layer
flow witls its boundary layer velocity profile approximated by la-/u. = (’/ )"*
on the body surface submerged fully in the flnid. Thus, it can be seen that char-
acteristics of separation and detachment would be different. For example, the
position of turbulent flow separation on a sphere is at 110 degrees measured
from the stagnation point but the turbulent jet detaches further downstream at
135 degrees (Reference 14). The flow behaviors downstream of separation or
detachment are different too. Using a paper flag attached to the surface in the
region oi the separation bubble, Bouraque {Reference 15) observed that reverse
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flow occurred in the separation bubble since, because of reverse flow, the paper
tlag turned from the original position to an opposite direction. On the other hand
Gates (Refcrence 16) obscrved that there is no reverse flow in the dectachment
region of Coanda flow,

For jet flow 1t is known that the detachment point of jet flow is located at a
position farther downstream as the deflection increases. This characteristic is
shown by experiments of Von Glahn and at the Catholic University of America
(Reference 17).

Von Glahn found further that the jet detachment point is not affected by the
dawnstream conditions and is dependent only upon the upstream condition. How-
ever, the point of jet detachment of the Coanda flow is independent of nozzle
beight parameter if (p - po)/Pj is plotted verus 1'/h™, where p is the local sur-
face pressure, p, is the atmospheric pressure, Pj the total jet pressure (gage),
1" is the surface distance measured from the nozzle exit to a point cn the daflar-
tion plate, h is the nozzle height, and n = -a Q0+ b (a and b are coeflicients
determined for each ncormal pressure ratio pp/po. where pp is the total jet pres-
sure (ab:} and 0 is the plate deflection angle) (Reference 3). For flow separation,
it is known that t2 point of laminar separation is a geometrically fixed position
and is independent of Reynolds numbers in the region of laminar flow (Reference
18). But a test for a jet tlowing arnund a small b/a, (b is width of the slot and
a is radius ot circular cylinder), b in. diameter cylinder shows that th~ detach-
ment angle measurec?' from the jet exit _}sﬂlipfzrly dependent to Reynolds number
defined by Recy) * (P-p )bale v “J , up to 4 x 107, but in regions of
the Reynolds numbers larger than 4 x 10°; the detachment angle remains independ-
ent of Re.,). P -p isthe supply pressure relative to that of the surroundings,

f is the d);nsity of the fluid and ¥ is the kinematic viscosity of the fluid. The
parameter ©b/a is relatively unimportant because the experiment shows that with
threc different values of b/a, equal to 0.0067, 0.020 and 0.040, the scatters
among the measured values of the detachment angles with respect to Reynolds
numbers are small (Reference 19).

If discrepancies between the viscous phenomena of narrow thickness jet
flow and thick layer non jet flow are clarified then knowleage gained from bound-
ary layer theories and experiments on non jet flow may be used for Coanda flow
and a faster developrnent of Coanda flow theory could be obtained.

il. Analysis of Viscous Incompressible Coanda Flow

Now on the analysis concerning viscous Coanda flow several references are
cited,

Yen (Reference: 11) pointed out the analysis of viscous Coanda flow is too
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diificult to be solved. However, for two particvlar cases: Jet flow around a
cylinder and two dimensional jet to an inclined flat plate, simple analysis in-
cluding viscous effects as well as experiniental measurements were madc,
(Reference 19). In jet flow around a cylinder, in the region of Re > 4 x 104,.
Newman (Reference 19) used the following assumptions for his Rim‘{e analysis.

1, The effect of skin friction on the jet momentum is small and
negligible.

2. The radical velocity is very small compared to the circum-
ferential velocity (boundary-layer approximation).

3. The velocity profiles u/um against y/y, /2 are the same for
all angles @ measured from the exist slot of the iet, where u
is circumferential velocity, um is maximum value of u at a
given station, v is distance measured perpendicular from the
wall and ym/2 is larger value of y for which u = 1/2 uy. Thus
velocity protile may be replaced by a uniform velocity profile
of the same mass filow and the same momentum.

Newman (Reference 19) then computed surface pressure and the static
pressure across the flow at @ = 90°,

Tne comparison of znalytica! tesults with experimental data shows that
although the theory corrcctly predicte an adverse piessure gradient at the sur-
face, the mcasured pressure is about 30 per cent low and the calculated pres-
sure is too small near the surface but it becomes too large further out at 0 = 90°,

In a two-dimensional 'ncompressible jet flow to an inclined flat piate,
Bourque (Reference 15 and 20) has developed several theories by using the prin-
ciple of momentum and making allowance for the velocity distribution in the jet
and its rate of spread. His th2ory is one of the simplest and gives the best re-
sults for values of free jet paramecter &  at angle X, Lelween the inclined
plate and the axis of the slot, larger than 20°, For the analysis Nourgue used
a flow model of the reattaching jet on the flat plate and made the following as-
sumptions to obtain the solutions:

l. The jet entrains fluid from the separation bubble in the same way
as a fully developed free turbulent jet

2. .The pressure within the bubble is constant and the center line of
tive jat e 2 cipiculels aie,

3 Entrainment within the bubble ceases and the flow divides where
the extended center line of the jet meeats the surface of the plate.

4. The force parallel to the plate due to the skin friction of the for-
ward and backward flow is negligible compared with the jet mo-
mentum.,

5. The jet momerntum is the same as that for a frec jet discharging
to atmosphere.

102



The variation of pressure within the scparation bubble, the position of re-
attachment, and the variation of mass flow from the slot with &<, all at high
Reynoids numbers were measured and computed. The comparisons of analyses ad

experiments show that the pressures differ by about 20 per cent, at high values
of & , the position of reattachment agrees fairly well, and for 6 = 30, andX > 15°
agreement on variation of mass flow is good. Bourque's thecory presents an im-
provement of inviscious flow analysis of Metral (Reference 8).

For the future development of viscous Coanda flow analysis the existing

work of Murphy (Reference 21) may be useful. Murphy solved laminar two-
dimensional boundary layer along a curved surface inciuding curvature effect.

111. Analysis of Compressible Coanda Flow

Mctral and Zerner (Refercince 22) noticed that a supercritical pressure is
caused at the crest of surface, which is a function of a ratio of :est nozzle height
divided by the design nozzle height and supply pressure, and the superconic Coanda
flow is easily obtained.

As of this date, no direct analytical investigation of compressible Coanda
flow has been carried out. However, some related problems are worked out in
the past. Yen (Reference 23) studied the two-dimensional mixing problem of
laminar flow and induction phenomenon by injecting a high-speed straight jet intc
a stationary fluid. His study shows that, if an asymptotic expansion and change
of independent variables is introduced, two ordinary boundary-layer equations are
reduced to a single ordinary differential equation. As a first 2pproximaiion, Yen
indicated that with the present knowledge of turbuleat flow this solution of laminar
mixing is applicable to a problem of turbulent mixing if the coefficient of visccsity
is suitably modified. Fur turbulent flow eddy kinematic viscosity & = 134.7 em?/se.
at jet iength x = 17 mm with a reference length L = 1 mam. This value is 1950
times larger than typical values obtained for the laminar coefficient of kinematic
viscosity. This order of magnitude of ratio of turbulent eddy kinematic viscosity
to laminar kinematic viscosity is thc same for low subsonic as for supersonic
flow (Refercnce 24). Yen (Reference 25) analytically studied two isentropic, two-
dimensional, supersonic, parallel flows, consisting of primary flow near the sur-
face and secondary flow above the primary flow. It was found that the Coanda
effect could be utilized to improve the flow mixing.

1V, Experiment on Incompressible Coanda Flow

Several experiments on incompressible Coanda flow have been conducted
in Europe, the United States, and Canada. In France, Henri Coanda, as previous-
ly stated, found and tested the Coanda flow, the results of which are reported in
Kcference 26. In the United States, the Coanda flow was tested at Purcdue University
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by Boyer (Reference 27) aind Marwood (Reference 28), Their test results ver-
ified that two-dimensional Coarda flow clings to the surface. At Correll Aero-
nautical Laboratory the experiment by Foa and Markstein (Refercnce 29) on
two-dimensional flow over a smoothly curved surface showed that it is possible
to obtain ihrust augmentation bty the Coanda effect. Thrusts were measured
normal to the jet, and measuremcnts showed that the thrusts measured in a
direction normal to the jet were 1.7 times higher than those tiirusts measured

in the direction of the nozzle axis with the surface rcinoved. Sproule and Robin-
sun's data (Reference 30) showed that the augmentation ratio (Ccanda nozzle
thrust/simple nozzle thrust) reached its maximum at 2,7 with an external ejector
with a 200-mm throat diameter and with larger throat, augmentation ratio de-
creased, but the throat diameter less than 65 mm decreases this ratio less than
1.

Gates (Reference 16) tested both the two- and three-dimensional Coanda
nozzle, which he calls the external ejectors, and obtained the following results:

l. Turning efficiency 1s high,

2. With two-dimensional Coanda nozzle, ground effect is negligible
to vertical lift, but giound effect increases the horizontal thrust
by a faciur of three.

Entrainment of ambient fluid is not vigorous and its direction is
normal to the primary jci. This fact confirms Stratford's find-
ing (Reference 4),

4. No static thrust augmentation can be obtained by a Coanda nozzle.
Supersonic velocities can be achieved inexpensively as Metral and
Zerner noticed.

(3]

w

In the range of his tests Gates did not obtain the thrust angmentation although
Foa and Markstein, as well as Sproule and Robinson, measured augmentation
in certain flow regimes.

Young and Zonars (Reference 31) tested the Coanda nozzle and Coanda
wing and found results similar to Gates' data. Although the Coanda wing reduced
the drag, better results could be obtained by boundary-layer control.

Von Glahn (References 2 and 3) investigated twou-dimensional Coanda flow
with both single and multiple deflection surfaces and also with curved surfaces.
In addition to the previously mentioned findings his lift measurements showed
that the maximum ratio of liit to the undeflected thrust could reach 0.48 with a
single flat plate, but that this ratio increased to 0.88 with many flit segments
defleciing the jet flow to 90 degrees. The optimum plate length, wkich gives the
maximuin ratio of life to undeflected thrust, was found to be defiued as that length
whose surface pressure is equal to the ambient pressurc at its downstream end.
The optimum plate length also gives the rmaxirnum deflection angle with no de-
tachment of jet flow from the surface.

V. Praoctical Applicatiion

Coanda claims that Coanda flow devices might be used for thrust augmenta-
tion, high lift, low drag wing, VTOL, and STOL.
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Usines Chansson, a French motor-car radiator manufacturer, reports
a gainful application of the Coanda flow wherein the fiow is used to scavenge
the exhaust gas in inducing air flow through a radiator and directing the exhaust
gas through an annular Coanda nozzle. The liow augmentation, on a four -
cylinder Citroen car engine, was about six times, and mass rate of flow was
20:1 with a 150 mm diameter nozzle (Reference 8). Coanda applied the Coanda
etfect to a rotary pump which was used a vacuum pump cr compressor; as a
vacuum pump, il was reported that 99,8 per cent vacuum was produced at an
efficiency of Y8 per cent (Reference 27).

An experiment, in which a Coanda sloi was placed at the nose of a cigar-
ette-shaped body which was submerged in water, showed that a reasonable pro-
pulsive efficiency was obtained (Reference 30). Metral and Zerner (Reference
22) found that a supercritical pressure can be obtained at the crest surface if a
proper ratio of test-nozzle height divided by the design height and supply pres-
sure are selected. Therefore, this phenomenon could be used as an inexpersive
source of supersonic flow,

Henri Coanda (Reference 26) investigated both theoretically and experi-
mentally the ""Aerodyne' wherein the Coanda etfect was applied. The Aercdyne
is an -jector in which the primary air is delivered through an annular nozzle
around the inlet periptery. The primary jet flow adheres to the curved wall and
changes its direction to become axial. Then, a viscous entrainment ircreases
the mass flow to a high dcgree. The purpose for which this Aerodyne is used ic
not known.

Nozzle Opening

O

" . Exit

Fig. 5. Aerodyne
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VI. Future Development

Coanda flow, as a jet flow cling'ng to the surface and entraining the ambient
air, 1s a wall jet over a curved or deflected surface, involving a sink effect.
Although it is very difficult to anaiyse the viscous Coanda flow when the distinc-
tions on detailed mechanism of narrow jet and non jet viscous wide layer fluid
flow on the curved surface are clarified, thcs .m:2*hematical soluticns on viscous
Coanda flow mav be obtained. The solution of viscous Coanda flow will contribute
L1 ~atly, accompanied by experience, to further devclopment of mechanics of
fluia amplification.
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FLOW VISUAT.TZATION
by
Jorma R. Keto
of

Diamond Ordinance Fuze Laboratories

Abstract

Construction details are preseanted on two schlieren systems which
have been used at DOFL, together with illustrated results of typical
images cbtained. A method of sealing interchangeable pure fluid
elewents to optical windows, permitting repeated use without renewal
of materials or contamination of windows, is given. Techniques for
alding visualizatlon in difficult situations are discussed.

Motion pilctures are presented to illustrate the various schlieren
techniques and the use of high speed photography in the visualizatic..
of transient phenocmena.

Introduction

The subject of visualization of compressible fluld flow has been
well covered in the literature (see bibliographies in References cited);
consequently, this paper will discuss that technique which has scen the
greatest use in DOFL, {.e., the schileren system.

Figure 1 shows a schematic diegram of a Toepler schlieren system
using lenses. The followlng arrangement i1s used. Si is a suitsble
Jight source (usually long end narrow); Ly is a collimeting lens that
renders the light from a point source parallel before passing through
the test section at 0; L2 is the "schlieren lens" that converzes the
light to form an image of the source at Sy where a knife edge or
"schlieren stop" is located; lens Lz which is not always required, is
used in combination with Lz to image the test section at I. Witk
proper adjustment of the knife edge, an image i1s produccd in which the
ligh* intensity at each point is proportional to the density gradient
at the corresponding point in the test section.
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Lens Schlieren System

Figure 2 shows the arrandement for a schlieren system; lenses Lj
through Lg are T-in. f:2.5 Aero Ektar surplus lenses. The light source
shown 1s a 0.010-in. diameter Libessart-type spark gap with a 25-w
zirconiim medeling light, focused through the gap by means of condensiug
lenses. The zliconium light is used for visual and motion picture
cbservation; the spark is used for microsecond still photographs. The
schlleren objective lenses L] and Lz must be chosen for high quality,
cince surplus lenses are sometimes defective. Lens Lj collimates the
light pussing through the fluld element belng observed. Lens Ly focuses
the light on the schlieren stop (knife edge or filter) amnd, in combina-
tion with lens L3z, images the fluld element on the ground glass. The
ground glass, used for visual observation, 1s removed for photography.
Lens L} images the pressurc gages into the plane of the ground glass by
means of periscopic mirrors. The composite imuage 1s then relayed to
the film by the combination of lens Lg and the camera lens.

The sensitivity and quality of this system is rclatively poor due
to aberrations. Although supersonic flow is readily observed, other
techniques are used to improve visualization, and are discussed below.

DOFL Mirror Schlieren System

The initial program of reseasrch in pneumatic devices set forth
requirements that could be satisfied best by a schlieren system of
greater sophistication than the lens system descrived above. This
system had to be designed tc peruit resolution of fiuw iu passages of
0.010 in. to 0.030 in. wide, with a maximum ficld of 8 in. in diameter.
It was to be versatile enough to permit variations such as dire:tiozal,
nondirectional, phase-contrast, color, or monochromatic schlieren; also
utilization as a polariziung or a diffraction grating-type interferometer.
Though a very high sensitivity was demanded, it wes necessarily re-
stricted to 10~ radians deflection as a practical limit.

Figure 3 shows a schematic diegram of this system. The components
to the right of section A-A in the diagram are shown in Figure 4. (The
component parts are identified with corresponding letter designations
in Figures 3 and 4.) The console and clectronic equipment shown in the
left foreground of Figure L are used in operating the light sources.
These sources consist of a high pressure mercury arc lamp (type BH-6)
uad a pulsed gaseous discharge lamp (type FX-12). The BH-6 1s operated
on alternating current for vigual observation, or ~r direct current for
motion plctures and photoelectric scanning of the image. The FX-12 is
used for still rhotographs and high-speed motion pletures. Its ability
to permit mirrosecond (or shiorter) exposures at rates as high as 6000
per sec 1s necessary for the study of traneient flows in the small
passages of the pneumatic devices.
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Visual observation can te made of the image on the ground glass
of the 5 x 7 view camera, identified by (S) in Figure 4. This camera
is adjustcoble to give a wide range <f magnification end permits the
use of either Polarcid packets or roll film and cut film (4 x 5 or
5 x 7) for still photographs. Additicnal photography is available
with either n 3S-mm sti1ll camera; or a motion plcture camera, which
can be mounted at position T. The motion ricture cemcwas neually in
this position are equipped with reluctance pickups to peruit synchro-
nized pulsing of the FX-12 lamp.

A photoelectric readout device can be installed in place of the
mction picture camera. This consists of a single photomultiplier
tube with a small pinhole window. The cazmcra mount can be adjusted
to permit any area ol the schlieren image to fall on the pinhole.

The pinhcle can then be translated laterally with a cross feed, to
which 1s coupled a precision potentiometer. In this manrer a plot of
image intensity versuc distance can be made by an analog reccrder,
for steady-state flow.

Schlieren Test Section

The test section J (Figure 4) is shown in more detail in Figures
5 and 6. The light beam 1s divided into two paths &t the test
station - one througn cne prneumatic element being tested, and the
other through o calibration standard. The standard is one of several
long focul length lenses, the angulur deviation of eech being known
acrose the diameter. (The focal lengths used are 238, 259, and
1600 £t.) A correction wedge is used to balance out any errors due
to lack of parallelicz of the windows used to cover the clement being
tested.

The pneumatic element to be tested 1s clamped between the windows
by means of 2 "floating" annular hydraulic cylinder to attain a
controlled uniform pressure. The window holders are removable to
permit the use of a variety of round or rectangulsr windows. Figure 6
shows one type of window in which the air passes to or from the element
by means of ports drilled throush the windows. This method permits
renid exchangc of low-cost elements produced by etching a photosensitive
glass (Corning Fotofoim B).

Sealing Pneumatic Test Elementc

The bchavior of a pare fluld element 1s dependent upon flow in the
small area in the immediate vicinity of the control Jets. Consequently,
the flow in this area must be cisciplined; leakage cannot be tolerated.
Originally, units were supplied with tightly clamped transparent plastic
windows that sealed well but int:ioduced strong schlieren. Heavy glass
windcws wore then tried, but the surface of the fluid element (made of
brass) could not economically be rendered sufficiently flat. This

1.1



problem was resolvea by machining the unit initlally to ordinary shop
tolerances, then coatlng It with & gasket of 0.010 in. extruced
polystyrene foam shecting. The gasket 1s applied with a water emulsion
of vianyl acetate to provide a pressure-sensitive bonding material.

The pascageways are then cut free cf the gasket with a hot wire.

The gasket material is comporned of eleoced (unbroken) bubbles of
polystyrene; consequently, it has an extremely low bulk modulus that
permits it to conform to an uneven surface without areas of high stress
in the windows. Also, the gasket has a good recovery and does not
scratch the window; therefore, the unit can be clamped repeatedly,
which permits frequent window rleaning. With a 30-psig pressure across
a 1/16-in. wall, a leak rate of less than 30 x 10-8 scfm was measured.

Schlieren Images Obtalned

Figure 7 shows a typical image obtained with the mirror system.
Those who are not familiar with the interpretation of schlieren photo-
graphs may find the following method helpful. If one imegines the
fluid within *the passages us & mllky llgquid Ueing iiliuminated at a
grazing incidence from the direction of the knife edge (from above ia
Figure 7), the flow will appear to be in relief in such a manner that
the higher thc relief above the plane of the photograph, the greater
the density of the gas. Varlous regions which give information of
flow conditicns can be scen in the photograph. Attached to the splitter
is a shock wave, From the shock angle and the splitter angle one can
determine flow Mach numbers before and after the shock, pressure
coefficients, flow deviations, etc. 1In the nozzle one can see Mach wavel
from which flow characteristics can be determined and nozzlz2 design
modificd. The fact that flow is filling both exit passages equaliy
indicates that for this nozzle the backing or exheust pressure was too
low relative to the input pressure.

Figure 8 shows the same unit operating properly, with the flow
separating within the nozzle, attaching to the wall and exhausting
from one nr~cage only. Detulls of flcw separation within the nozzle can
be studled as shown in Figure 5. In each of the flows i1lliustrated the
conditions are identical in regard to mass flows and pressure ratios.
The nozzle 1s operating overexpanded, with flow separation and a shock
occurring in exactly the same manner at the left side of the nozzle.
Note, however, that the flow leaves the nozzle vertically in one case,
and directed to the right in the other. Examination will shcw that
rlnw reporation oeeurs on the right wi2dl of the nozzle also, ~nd the
final direction of flow iz determlined by the net effect of the deviated
flow from both w~alls. The variation in separation at the right wall is
caused by changes of backing pressu~e affecting the boundary layer
buildup. In an actual unit the separstion can be stabllized by allowing
the flow to become attached to the downstream wall.
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Alds tc Imprcve Visualization

The schlieren pictures discussed thus far were taken by the mirror
system of supersonic flow, In the case of a low sengltivity system or
for 'incompressible" flow, techniques can be used to aid schlieren
visualization.

By introducing a volatile trausparent liquld onto the surface of
the window of a uni* being tested in the schllieren system, the flow
pattern can be visaalized within errors imposed by inertial effects.,
Flgure 10 shows a fluld element adepted with a hypodermic tubing
aspirator nozzle for introduction of trichloroethylene. This technique
works extremely well and requires little sensitivity of the schlieren
system 1tself. Recause of this, coler can be used to enhance the
visualization. (Chromatic aberrstions of lenses and diffraction impair
color schlieren when high sensitivity is required.) A point source can
be usea with = concentric green and red filter (similar tu a Reinberg
differeatial color tilter for microscopy). Figure 11 shows a zelected
frame from l6-mm movie sequences texen al 150 frames,sec.

Flow lines can be visualized ir. the case of steady-state flow it
"shop vir" 15 used and oll vapor 1= present. The fleow 1s left cn and
schlieren photograghs taoken of the traces that remain from the condensed
oil as the droplets follow the flow in the gluss-to-air boundary layer.
Note the results of this techaique in Figure 12. By taking time
sequence movies at freme intervals of the order ol six seconds, a
complete flow pattern cun he seen as the droplets creep along the
boundary luyer. It must be rcmembered, however, that this method shows
averaged boundary layer flow, and not a complete time history of internal
flow; furthermore flow in tie boundary layer may be apprecially different
from flow within the unit.

In some cases 1t is possible to introduce a "tracer gas" with an
index of refraction differing from the flow being investipated. Heated
air, or a gas such as helium can be used. Figure 13 shows the primary
alr being outlined by helium which is allowed to drift into the unit
through the control orifices and is entrained by the primary flow. 1In
this example, which was taken with the lens schlieren, the flow is
incompressible, being at approximetely Mach .Oh. One must remember,
however, that in using this technique the flow visualized ic ihe
boundary between the tracer and the primary air rather than the over-
all flow taking place.

Motion Pictures for Transient Visuallzation

The discussion at the Symposium was followed by a five minute
16-mm film showing examples in color or black and white of units in
action. The scenes were as follows: 1) a fluld oceillator, taken
with a very simple lens schlieren; 2) a momentum exchange unit ucing
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helium; 3%) a memory unit, visualized by meens of trichlorocthylene;
) & Listable element vhotograplizd at 3,000 frames per second, using
the BH-6 mercury arc with direct current as a light source; 5) the
sage fequence and frame rate as in scene 5, except the FX-12 lamp was
used, giving an exposure of ebout one microsecond per frame; 6) a
convergent-divergent nozzle, teken at 6,000 frames per second with
the BH-6 cperating on D.C.; 7) a time sequence movie in which the

01l condensation technique 1s i1llustrated. Approximately two hours
rnuning time were compressed into fifty seconds projection time.
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Figure 5. Test scction of schlieren system.,

Figure 6, Exploded view of pneumatic element and test section windovs,
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Figure 11, Bistable element, trichlorosthyleue aid.
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FLOY VISUALLZATION AGD SX¢e TEWAL SIUDIES OF A PROPARTIONAL FLUID AMPLIFIER

by

RoJo Reilly
Je.A. Kallevig

of

Minneapolis-Honeywell Regulator Company
Military Products Group Research

Abstract

Experirental data taken on a particular type of close!, proportional
fluid amplifier did not agree with analysis besed on two different mathematical
models., Visuzlization studies and detailed measurements in the interaction
region of 3 fluid jets show that the power stream is accelerated after leaving
the power nozzle. This fact is not predicted by either mathematical model and

must ba considered in future analytical investigations,

Carly developrient of the proportional fluis amplifier was primarily on an
experimental basis aimed toward determination of genercl operational character-
istics and applicability of Adevices of this type. The need for analytical
guidance in device optimization and system synthesis reccived early recopnition.
Horton and other early investipators based their mathematical deseription of
the davine on analogy to the submerged fluid jet. Initial work by Minncapolis-
iloneywell investigated a refinement ol the submerced jet model as well as other
mathematical formulations. (Reference 1)

lione of these mathematical mordels gave a really satisfactory preriction
of the performance of ihe devices tested. In an effort to achleve a better

understanding of the interaction of three {luid juts a series of flow visual-
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ization experiments were performed. These studies indicate that the flow within
the fluid amplifier Aiffers sipgnificantly from the submerred jets In
marticular, the flow pattesns observed suprust the acceleration of the ceontral
portion of the power stream rather than the degradation of the velacity nroflile
vhich occurs in the submerped jetb.

7o verify the observation made in visuvalization studiesya larye, three
Jet, indteraction model was consiructe?d and instrumented, DPrclininary reasure-
ments made with this model which show the evistance of an accelerat~d core

velocity are presented,
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Section I
Peviow of Proportional Amplifier Operating Characteristies

‘uring the early phase of deveiopment and evaluation, proportional
arplifiers of widely varying size and configuration were onerated on several
different types of fluid, ¥hile the performance ci each varied somewhat,
nearly all showed performance characteristics cimilar to that shown in figure
1. ‘his ficurc plots the chance in output momentum versus the change in input
or control momentim for a trypical fluid amplifier, Oulput momentum is based
on an averag;e -elociby over the receivinsg aperture area and power strean -
nomentum is choser as the non-dimensionalizing parameter. rhe linearity of
the central portion of this curve is ctriking. [hat this portion of the
corve ig 4ruly linear and rot merely a wishful line Araym throaugh Lhe data i3
nemonstrated by fipure 2 hlih shows Lhe performance characieristic vwhich
results when the output flow of one proportional amplifier is used as the innut
signal of the second. [he tuc amplifiers are identical eveert for size and
not selected for corpensating characteristics.
Analytical Formulations

Very early in the lHoneywell “luiAd amplifier program it was evident that
an analytical Aescription of the proportional armplifier was necessary, both
to puide the way toward ontimum design of devices and to assist in orpganizing
the evperimental Adata according to sipnificant flow an? geometric parameters.
Tur first analytical attempt folloved the worlk of lorton (Reference 2)
utilizing the 2nalory to the submerged jet with minor improvements Ly numerical
interration of the submerged jet velocity profile. 1In addition 4o the ucual
assump.lons of two dimensional flew, steady flow and incompressible fluid, the
submormod jed analogy assumes that there is 2 complete mixing of the power
stream with the control streams and that no significant change in the syrmetry

of the velocity profile rosults from the asyrmetric distribution of contiol
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flow reanired for Aaflection of Lhe “lui? jet, ficure 3.

the submerpmed jet mathematical model 21d not, rield snbisfactorr apreement
with the exparimental results on the modelc bisted, hence, 4o hracked the
problem, a matheatical model, postulatins an anvisid flais an? ne mixing
of the control and power sireans, wac analyzed, Tigure ). 2otk of she above
znalyses are developed in detail in refererce 1.

A comparison of the analytical resnlts with ~ata taken on one particular
closed propor:ior}al s=wnlifler confiruration is shown in Ti-ure 5. Zontinuity
requires that all of the fluid enterinc such & device must exit throush the
receivine apertures, lleisher the submerred jet nor the inviscid model rives
a really acceptahle orodiction of the performance of the actual device. 'l
most notable Aiscrepancy brtueen exneriment znd theory is the fact thal oven
the inviscid flow morlel soes not vield an amnliliecat on which is as high as
that detcrrined by experirent., e inviscid rodel “oes, howcver, provide the
linearity required bv the central portion of the evperimental ncrformance
curve so it is worthwhile to ewplore "mat iz nececsary in or-fer that a linear

performance curve is protuced.

It is shown in reference 1 that the amplification or zain of & proportional

amplifier can be written as

Gy = -;(—<—(I+K)-y4"- ~ (1)

K 15 the ratio of the tntal control mass flow to the paver sirean mass {low,
¥ is Lhe ratio of a control nozzle area tc the power nozzle area,

L is the distance from the pover noczle to the snlitier,

y is the Adistance through which the jet is dellected perpendicular to the

center line ol the device,

R is defined as & n:l.d, - Iﬁml
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the difference of the outpub mass flows Aivided by the total mass flow

throuph the Adevice. For a symmetrical velocity profile, R can v written

@)@
| )&
o )

| (@) «()

This intepration was performed in reference 1 and is preseonted here in

in the following form:

(3)

fipure A f5r sonvenient referencc,

Inspection of ecquation 1 shaws that for a linear rerformance curve to
exisy, i.e. Gf = a constant, R must be a linear function of v/L. Equatien 3
then shows that for R to be linear with y/L a uniform velocity profile must
be presented to the receiving apertures, or the velocity profile must be
changinz in some mysterious war t» rake it apnear so,.

liith the foregoing relationships one may work backward from experimental
data to see what is required of the mithermatical model if the performance curve
of firure 5 is to be dunlicated. an ov~arirmental wvrelocity profile is constructed
by Aectermining R from the experimental ~Aata and then differentiatinz R with
respret to y/L to obtain a velscity nrofile. I velocity picofile 8o obtained
is showm in figure 7, renroduend €rom reference 1. Nils ©ir::r: shons thal
in order to satisfy the cvmrimental curves under the assume? cometraints it
is necessary that the velocity nrofile prerented at the receiving apertures
not only be uniform but alco accelerated rather than reduced in velocity as

predicted by the subrerged jebt hypothesis,
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Section II
Tlow Visualization “tudies

to agsist in the formulation of a nore suitable mathemasical model and
to suide the course of future ex.orirents a sories of {low visualization
studins “rere conduete? on a somahat lar;er hit reometricaily similar pro-
portional beam deflection amplifier. [his model, shown in firure S used
vater as a worirn;; "luid arAd had provision for dye injection into the power
stream and the contrel stream to nak%e Lheir respective flows visible. At
the formal prerentation s series of colored slides were shown which deronstrated
the flow patte'ne obtained in a closed proportional fluid armplificr., The
lirditations of black and white reproduction processes precludes their
presentation here.

In the first series of ©1idec chown, the ratio of the control nozzle
arca to the power nozzle area is approximately .57 2nd the ratio of the total
control rmomentirm to power momentum atb null is approximotel;r 0,127, K, the
ratio of the total control mass flow to the power nozzle mass flow, is .30,
Reynolds number based on power nozzle width is of the order of 12,000 to 1},000.
IY is evident from this s-ries of slides that nothing approachin; cemplete
rixing of the threec streams occurs within this device., Dy c¢lose exaninntion
of the slides the identity of the 3 strears can be isc-rned several channel
widths dowmstream of the rcceivinp apertures. Twther, what appears to be a
sli~ht contraction of the pover ~4ream can be observe! in the interaction
region. <his contraction could be ¢ to mixins of the sireams or be a ris-
leading phenomenon Jue to bLioundry lay~r cffects on the tor surface, or an
arceleration of the central portion of the pover cstrean as ir.'lcated by the
above set of expcriments,

A second scries of photogranhs is shown for the same model moified so

that the control nozzle areas are half vhat they were in the previcus case,
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fMe maes £l ratin was approximately the same, K = 0,39, and the momentun
ratio rises to “ct/“o = ,27. This scries of experiments shows a prorounced
contraction of the power stream and, perhaps, scmewhat more mixing of the
3 streams. Since a somewhat highs» pressure was required to maintain the
mass flow of the power strecam at its previous level it became 2 matter of
reasonable conjecture that the contraction of the power étream in the inter-
action region indicated a corresponding acceleration of the central portion
of the stream after leaving the power nozzle. It is interesting to note,
however, that the momeniunm gfain was virtually identical in both cases.
Section III
Netailed Jet Interaction Studies

3ased on the flow visnalization studies experiments a large variable
peomatry, three jet intera~tion model was fabricated to permit detailed
studies of the interaction recion. Thic model is showm in figure 9 anl is
ol esufficient size to permit easy instrumentation without concerm for the
effcct of the megsurerent probes on the flow fleld. The studies to be
conducted on this model have besun with detailed traverses of the 3 jets
alone and will proceed in orderly fashion, progressively adding downstream
pieces until a confipguration of the desired flui? amplifer is obtained.
Measurements will be macde after cach modifjcation of reometry to determine
its effect on the interaction.

Some preliminary results of pitot static-static traverses of 3 interacting
Jets are showm in fipure 10, The mass ratio, K, for these profil:e is
approxinately 0.6, The area ratie, k, is 1,0, resulting in a momentum ratio
ef the two streans, I!ct ‘os €qual to 0,18, Tlowneasurements were rade with
rotameters and the control flows balanced as well as possible, however, in

the actual case, the curves of fizure 10 were ~Aisnlaced somewhat from the
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center line of the device. Tor presentation purposes they have been
centered but the distortion of the profile for even this small asyrmeiry
of the control flows is noticeable.

ror this particular confiFuration, mass flow ratio and moncntum ratio
the submerrced jet analory of Albertson corpares quite well with the
experinmental ~ata as shown in fifure 11. Sinee a mass ratio of one corresnonds
to a submerped jet of length 7.3 comparison could be made with the 6 D2 and
the 8 D2 experimental data only (D2 defines the width of the pover nozzle).

Fipure 12 shows 2 zariszs oi' velocity profiles talen feor mass {low ratio
equal to approximately 1.0 with the same geometry as above, 7his rives a
nomentun ratio I'Ict/x-fn equal to 0,5, ’'lrra it may be seen that the acceleration
of the central portion of the stream indicated in the visualization stuidies
appears, The mavinuwa velocity w»=nshad by the contral core of the profile
exceeds the initial velocity of the power nozzle by 20J at the larpest value,
It is interestins to rote that a total pressure survey of the center line
velocity in tihis case shows an cver decreasine total -ressure, In a nodel
as lar-~e and open as 'is one, it is often easy to rationalize that the static
prescure should be nearly constant everywhere except in the immediate vicinity
of the nozzle exit, and the “eclining pressure survey should indicate 31 Aecrease
in veloeity. ‘lowever, when the static pres-ure is reasured, it is £ und to ba
declinine riore ranily than the total nres-ure and hence an increcase in the
center line velocity is observed,
conciusivns:
1. liathematical models of nroportional fluid amplifiers based on submerced jet
theory are not suitable for some arplifier coni'ipurations.
2. Interaction ~f the ccntrol streams with Lie power stream car oproduce

acceleration of the power stream after it leaves the powcr nozzle.
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PRODUCTION OF FLUID ANPLIFIER
BY OPTICAL FABRICATION TECHHNIQUELS
by
R. W. Van Tilburg
of

CORNING GLASS WORKS

Abstract:

4 presentation is made of the results of a study of the
applicability of oprical fabrication techniques to the
prosuction cf fluiu amplifiers.

Advantages ang limi.acions of Fotoform materials as they
are relaced te the fabrication of fluid systems are dis-
cussed, along with data relating process variables and
per formance.

Designs submitted by The Diawond Ordnancc Fuze Laboratory
were optically Lransferred to sensiiized glass plates, and
the resultant patterns were chemically machined to the
desired depth. A sufficient number of identical wuwnits were
produced to permit evaluation of the effect of process varia-
tions on amplifier performance,

Variables inherent in the process were measured prior to
sealing, and a table of dimensional variations and side wall
and channel bottom roughness is shown. After sealing, opera-
tional characteristics were determined, and curves are pre-
sented. In this program, nozzles in the dimensional range
of .020" x .080" to .030" x .090" were used with air as the
fluid. All flows were subsonic. Production equipment was
utilized for all fabrication, and the ranges of variation
shown are typical for volume processing.

Results indicate that it is possible to fabricate the complex
fiuid amplifier designs rapidly and relatively inexpensively,
and this can be done with & material which is dimensionally
stable, capable of high temperature operation, unaffected by
nuclear radiation, and impervious to most corrosive liquids
and gases.
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Introduction:

Although the process for making Fectoform products has beea in
commercial existence fcr more than five years, few applicaticas
have been investigated during that time which are more naturally
suited te the process or material than the fabrication of pure
fluid cystems.

As indicated by the title, the primary purpose of this presentation

is to discuss the production of fluid amplifiers by optical fabrication
techniques. Production of a difficult product has been demonstrated
with a proven process in a material which is uniquely suited to
durable and reliable systems.

In introduction, it should te pointed out that a substantial part
of the work leading to this discussion has been sponsored by the
Diamond Ordnance Fuce Laboratories, and that all of the fluid
amplifier designe discussed were submitted by DOFL personnel.

It is generally conceded that if the theovetically snund concept

of pure fluid systems is to become a factor in the ccntiol and
computation industries, an economical manufacturing process must

be developed. Complex designs, such as the DOFL Test Pattern shown
in Figure I, are not readily fabricated by high speed mechanical
machining metnods.
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FIGURE I
DOFL Test Pattern - Average nozzle size approx-
imately 0.020"
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The problem is further complicated by the fact that highly min-
iaturized devices such as the reproduction of the test pattern in

the sice shown in Figure II are a prerequisite to maximum component
density and minimum system power consumption,

FIGURE II

DOFL Test Pattern - Average nozzle size approx-
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